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ABSTRACT 

Economical  blast-resistant  concrete  structures  can  be  constructed  by  reinforcing 
concrete  members  with  high-strength  deformed  bars ‘if  such  members  can  meet  the 
requirements  of:  (1)  adequate  strength  and  ductility  under  blast  loading,  and  (2) 
limited  deflections  and  formation  of  cracks  under  static  service  loads.  A  theoretical 
study  and  a  series  of  beam  tests  were  made  to  determinedfconcnete  members  rein¬ 
forced  with  high-strength  deformed  bars  can  meet  the  above-requirements: 

In  the  theoretical  study,  the  influence  of  (1)  the  amount,  yield  strength  and 
ductility  of  the  tensile  steel  and  (2)  the  amount,  location  and  yield  strength  of  the 
compression  steel  on  the  strength  and  ductility  of  a  concrete  beam  is  discussed.  Then, 
the  influence  of  the  amount  and  yield  strength  of  tensile  steel  on  the  stiffness  of  a 
beam  is  presented.  The  minimum  yield-load  factor  (ratio  of  the  beam's  static  yield 
resistance  to  the  static  service  load)  required  to  limit  deflections  to  any  given  amount 
is  presented  as  an  equation  and  is  plotted  for  various  span-tordepth  ratios. 

In  the  tests,  sixteen  simply  supported  concrete  beams  reinforced  with  high- 
strength  deformed  bars  (91,600  psi  yield  stress)  were  subjected  to  static  and  dynamic 
uniform  loads  and  their  behavior  observed.  Eight  beams  were  conventionally 
reinforced,  and  eight  were  partially  prestressed.  The  prime  purpose  of  the  pre?tr»«‘ng 
was  to  limit  the  cracks  and  deflections.  Both  types.of  beams  were  subjected  to  long- 
and  short-duration  loads.  Several  beams  were  loaded  dynamically  more  than  once 
determine  their  resilience  and  to  study  the  problem  of  multiple-shot  damage.  The 
static  and  dynamic  tests  are  reported,  evaluated,  and  compared  with  theory.  Equations 
for  the  static  collapse  deflection  and  fhe  maximum  dynamic  deflection  of  a  uniformly 
loaded  concrete  beam  are  presented. 


It  is  concluded  that  the  two  major  factors  which  may  restrict  the  use  of 
high-strength  steel  in  blast-resistant  design  are  (1)  the  inability  of  -.uch  a  std.el.to 
elongate  a  required  minimum  amount,  and  (2)  excessive  deflections  and/or  cracks 
of  beams  reinforced  with  high-strength  steels  under  static  service  loads. 

The  tests  demonstrate  that  more  resistance  can  be  gained  with  n  u •  .or  amount 
of  high-strength  steel  than  lower  grades  of  steel  and  that  chromiumrdjoy  steel  of 
the  type  used  in  this  investigation  has  a  sufficient  amount  o?  ductility  for  use  in 
simply  supported  beams.  Both  the  theoretical  study  -nd  the  experimental  tests  indi¬ 
cate  that  excessive  deflections  may  be  controlled  by  prestressi.ig  the  tensile  steel. 
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INTRODUCTION 


The  increasing  need  for  economical  bias'. -resistant  structures  has  created  interest 
in  the  use  of  high-strength*  steel  as  reinforcement  in  concrete.  De:  ‘gr.h’g  for  greater 
pressures  and  longer  durations  has  increased  the  cost  of  protective  construction,  forcing 
the  designer  to  seek  new  materials  and  methods  of  construction. 

Engineers  have  long  desired  to  take  advantage  of  the  greater  working  stress 
and  yield  stress  possible  with  high-strength  steels.  However,  the  use  of  high-strength 
steels  in  blast-resistant  structures  is  finding  slow  acceptance  among  design  engineers. 

This  reluctance  is  due  primarily  to  a  need  for  more  information  about  the  strength  and 
ductility  of  beams  under  blast  loading,  the  deflections  and  cracks  of  beams  under  static 
service  loads,  and  the  bond  and  shear  strength  of  beams  reinforced  with  high-strength 
steels.  In  addition,  more  information  is  required  concerning  the  weldability,  bending  . 
qualities,  uniformity  (e.g.,  stress-strain  characteristics),  and. the  identification  of 
special  new  grades  of  high-strength  alloy  steels  with  a  yield  stress  exceeding  75,000  psi. 
The  need  for  more  information  has  led  to  an  investigation  at  the  Naval  Civil  Engineering 
Laboratory  to  contribute  to  a  better  understanding  in  these  areas. 

The  purposes  of  this  report  are  (1)  to  develop  some  fundamental  theories  regarding 
the  use  of  high-strength  steels  for  reinforcement  in  concrete  beams;  (2)  to  study  the 
feasibility  of  partially  prestressing  concrete  beams  with  high-strength  deformed  bars; 
and  (3)  to  present  the  resuits  of  a  series  of  tests  designed  to  study  the  behavior  of 
concrete  beams  reinforced  with  high-strength  deformed  bars  when  subjected  to  static 
and  blast  loads. 

The  first  part  of  the  report  presents  a  study  of  the  influence  of  the  yield  strength 
of  reinforcing  steel  on  the  strength,  ductility,  and  stiffness  of  concrete  beams.  Those 
characteristics  determine  the  ability  of  a  beam  to  resist  both  static  and  blast  loadings. 
The  second  part  of  the  report  presents  the  results  of  static  and  dynamic  tests.on  con¬ 
crete  beams  reinforced  with  high-strength  deformed  bars.  Sixteen  beams  of  the  type 
shown  in  Figure  1  were  tested.  Eight  were  partially  presfresstd  and  eight  were 
conventionally  reinforced.  A  comparison  of  experimental  and  theoretical  behavior 
is  next  discussed.  Finally,  significant  findings  and  conclusions  are  presented. 

*  In  this  report,  the  term  "high-strength"  is  used  to  designate  steels  having  a  yield 
stress  in  excess  of  60,000  psi. 


Figure  1.  View  of  a  typical  concrete  test  beam. 


In  general,  the  symbols  are  defined  where  they  first  appear.  A  summary  of  all 
notation  used  is  presented  at  the  end  of  the  report. 

REQUIREMENTS  OF  BEAMS  TO  RESIST  BUST  LOADS 
General  Considerations 

For  a  reinforced  concrete  beam  to  resist  blast  loads  it  must  have  adequate 
strength  and  ductility.  In  addition,  under  static  service  loads,*  the  cracks  arid 
deflections  of  the  beam  must  be  limited.  The  feasibility  of  using  high-strength 
steels  in  a  concrete  beam  to  resist  blast  loads  depends  upon  how  well  such  a  beam 
can  meet  the  above  requirements.  The  influence  of  high-strength  tensile  rein¬ 
forcement  on  each  of  these  requirements  is  treated  in  the  following  sections. 

*  In  this  report,  the  static  service  load  is  defined  as  that  proportion  of  dead  plus 
live  load  which  is  used  to  compute  the  deflection  of  flexural  members. 
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Theory  Versos  Design  Practice 

Theoretically,  the  amount  of  strength  end  ductility  required  ir  beams  and  the 
relative  importance  of  each  depends  upon  the  duration  of  the  blast  load.  For  example, 
bombs  in  the  megaton  range  normally  produce  long-duration  loads  with  respect  to  the 
natural  period  of  the  member  on  which  it  acts  (Tg/Tn  >  6),  The  strength  of  the  member 
is  more  importart  than  its  ductility  for  this  type  of  load;  i.  e.,  increasing  '  earn  strength 
will  increase  the  dynamic  load-carrying  capacity  of  the  beam  much  mere  than  ?f, 
instead,  the  beam  ductility  was  increased  by  the  same  percentage.  However,  as  the 
duration  of  the  blast  load  decreases,  the  importance  cl  ductility'  ir'creo»es.  For 
example,  small  weapons,  especially  high  explosives,  produce  si.ort-duiafion  loads 
with  respect  to  the  natural  period  of  the  member  on  which  it  acts  (Te/Tn  <  3). 
Therefore,  it  is  more  economical  to  design  the  ivcmber  to  deflect  plastical'y  without 
loss  of  strength  for  this  type  of  load.  This  ductility  will  allow  time  for  a  shert- 
duration  load  to  decrease  to  a  level  which  the  member  can  support.  However,  the 
relative  importance  of  strength  and  ductility  under  •ong-  and  short-duration  loads 
is  generally  not  considered  in  design  practice. 

In  practice,  the  member  is  designed  for  a  given  load  level  and  the  load  is 
generally  assumed  to  .be  of  infinite  duration.  This  is  a  sound  assumption  since  in 
all  probability  a  large  weapon  will  be  used  and  should  the  load-duration  be  shorter, 
the  design  will  be  conservative.  Next,  a  dynamic-deflection-criterion  is  established 
(the  amount  of  ductility  that  the  member  must  possess).  The  dynamic-deflection 
criterion  may  either  require  that  the  beam  be  capable  of  deflecting  to  some  ratio 
of  the  span  length  1/  2  or  to  some  ratio  of  the  yield  deflection  of  the  member.  3  The 
resistance  or  strength  of  the  member  is  then  adjusted  until  the  maximum  dynamic 
deflection  under  the  blast  load  does  not  exceed  the  preselected  deflection. 

This  beam-resistance  can  be  obtained  with  considerably  less  high-strength 
steel.  In  addition,  the  relative  reinforcement  cost  for  a  given  load-carrying 
capacity  for  most  high-strength  steels  is  less  than  for  lower-grade  steels.  Therefore, 
high-strength  steel  will  generally  be  more  economical  provided  such  a  steel  hos 
enough  ductility  to  satisfy  the  preselected  dynamic-deflection  criterion  and  provided 
the  deflection  and  cracks  of  the  member  under  static  service  loads  are  within 
acceptable  limits. 


INFLUENCE  OF  HIGH-STRENGTH  STEEL  ON  REQUIREMENTS  OF  BEAMS 
Strength  and  Ductility 

The  strength  and  ductility  of  a  concrete  bearr.  depend  to  a  large  degree  upon 
the  magnitude  of  the  reinforcing  :ndex,  ductility  of  the  tensile  steel,  amount  and 
location  of  compression  steel,  and  the  amount  of  tensile  steel.  Each  of  these 
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quantities,  In  turn,  is  Influenced  by  the  yield  strength  of  the  reinforcement.  The 
allowable  ruiiy-  -c  thesi  quantities  for  various  yield-strength  si  on  It  and  <ne  Influence 
of  these  quanta'  n  the  strength  and  ductility  of  o  concrete  beam  are  discussed  In 
fho  fo1  lowing  sccfk.-'v.. 

The  succeeding  f^cusston  assumes  that:  (1)  the  reinforcement  e«h’birs  - 
'  flat-top"  stress-  tiain  reh/tlv.  ' with  a  well-defined  yield  stress,  and  (2)  plane 
sections  remain  pit  nr  befr.ro  und  uft?i  banding.  The  first  assumption  Is  not  valid 
'or  most  high-stren ’Hi  ‘eel-  how*ve*.  the  error  in  thi'  msumption  is  small  for 
steels  such  as  those  u»<  5  n  team  K'sts  described  later  in  this  report. 

Reinforcing  index.  It  Wr.perc;f!vn  that  a  concrete  beam  be  under-roinforced 
to  eliminate  the  h  sibTIlty  of  o  britt.u  Mlye  and  to  gain  the  additional  strength 
off*-*>d  by  hlgh-stren^h  steel.  Thi*  rv-uii*;  that  the  reinforcing  Mex,  defined  In 
the  following  paragraph,  be  lost,  ihon  tho  <alu«  c.^isponding  to  failure  by  initial 
yielding  'f  the  tensile  steo’  followeu  by  'rushing  or  the  concrete  in  compression. 

The  allowable  ranue  of  the  rulnforcimj  l»*c:gA  for  various  grades  of  steel  will  be 
Oatermlned  sub' equr.itiy. 


Figured,  ‘jtreis  ur.d  liraln  distribution  at  ultimate  moment  for  R/C  beam. 


Figure  2  represents  the  assumed  itrain  and  stress  distribution  over  a  section  of 
an  R/C  beam  at  ultimate-moment  capacity.  With  reference  to  Figure  2,  the  positin', 
of  the  neutral  axis  Is  given  by 


» 

Oa) 
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For  interna!  equilibrium  of  forces, 


p'bdf1  +  k.k^f'a  b  =  pbdf 
r  su  1  3  c  u  r  ! 


su 


(lb) 


Combining  Equations  la  and  lb,  the  reinforcing  index  is  defined  as 


q  =  (pf  -  p  f‘  )t7  -  k,ko( - i 

^  ^  SU  r  SU  f  1  3  '  c  T  c  / 

C  U  su 


0) 


For  the  special  case  of  a  "balanced"  beam  in  which  failure  occurs  by  simultaneous 
yielding  of  tensile  steel  and  crushing  of  the  concrete,  esu  =  Cy  and  fsu  =  fy .  Thus 
the  "balanced"  reinforcing  index  is  defined  as 

"b-  (2) 

'  c  u  y 

c  ^ 

For  beams  with  no  compression  reinforcement,  p'  =  0,  p^  =  p^,  and  Equation  2 
becomes 

%  =  V  =  kik3  (j-rr)  ,2o) 

c  u  y 


Based  on  an  extensive  compilation  of  experimental  data,  empirical  equations  for 

k,k„  and  e  have  been  established.  4 
1  3  u 


3,900  +  0.35f 1 
k  k  = - S 

1  3  3,200  +  f' 

c 


e  =  0.004 
u 


f' 

c 


6.5  x  106 


(3) 

(4) 


From  Equations  2,  3,  and  4,  the  balanced  reinforcing  index,  q^,  for  various  grades 
of  concrete  and  reinforcement,  is  plotted  in  Figure  3.  The  member  is  over-reinforced 
if  the  reinforcing  index,  q,  of  a  member  is  greater  than  the  value  given  in  Figure  3, 
and  only  a  portion  of  the  strength  offered  by  the  tensile  steel  will  be  utilized. 
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Concrete  Strength,  (kips  per  square  Inch) 

Figure  3.  Balanced  reinforcing  index  for  various  grades  of  steel. 
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A  beam  which  is  under-reinforced  insures  that  the  yield  strength  of  the  tensile 
steel  will  be  utilized  (tensile  steel  will  yield)  but  does  not  insure  the!  the  beam  has 
sufficient  ductility  to  resist  the  imposed  blast  loading.  For  example,  if  q  r  the 
beam  will  provide  the  greatest  resistance  and  least  ductility,  and  it  wiii  fail  by 
simultaneous  yielding  of  the  tension  steel  and  crushing  of  the  concrete.  If  q  is  much 
smaller  than  q^,  the  beam  will  not  provide  maximum  r^vstance  but  wiil  be  capable 
of  undergoing  large  plastic  deformations  before  collapse.  Beams  with  intermediate 
values  of  q  will  have  resistance  and  ductility  characteristics  between  the  two  extremes 
described  above.  The  value  of  q  to  be  used  in  blest-resistant  design  will  depend  on 
the  relative  requirements  of  strength  and  ductility. 

For  reasons  of  safety,  to  account  for  the  increased  yield  strength  of  steel  under, 
blast  loads,  and  because  the  values  of  q^  are  only  theoretical,  the  maximum-allowable 
value  of  q  to  be  used  in  design  must  be  significantly  less  than  q(,.  The  percent  increase 
in  the  yield  strength  of  steel  under  blast  loading  decreases  with  an  increase  in  the  static 
yield  strength. 5/0  For  steels  with  fy  <  60,000  psi,  the  increase  is  about  30  percent 
for  the  strain  rates  in  most  beams  (0.05  <  e  <  0.20).  For  fy  >  60,000  psi,  the'lncrease 
is  less  than  20  percent.  Therefore,  the  limiting  value  of  q  to  be  used  in  blast-resistant 
design  should  be  about  O^Oq^  for  intermediate-grade  steel  and  about  0.70q^  for  high- 
strength  steels. 

The  limiting  value  of  q  recommended  by  the  ACI  Building  Code  (3 T 8—56) ^  is 
shown  in  Figure  3.  The  figure  shows  that  within  the  practical  range  of  concrete 
strengths,  the  value  of  q  prescribed  by  the  ACI  Code  is  ion  ly  safe  for  fy  <  60,000  psi 
(as  stated  in  Section  A603  of  the  Code).  An  empirical  equation;  proposed  by  the 
author  for  the  maximum-allowable  value  of  q  to  be  used  in  btast-resisiant  design, 
which  covers  the  practical  range  of  steel  and  concrete  strengths,  is 

q  =  0.510  -  (1.9f  +  22f,)1(f6  (5) 

q  y  c 

This  expression  insures  that  qQ  will  never  exceed  62  to  68  percent  of  q^  for  the  rangt 
of  steel  and  concrete  strengths  shown  in  Figure  3. 

It  is  desirable,  under  certain  conditions;  to  partially  prestress  the  tehsstu  steel 
of  a  concrete  beam;  this  has  the  effect  of  increasing  ths  balanced  reinforcing  index. 
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Figure  4  shows  the  stress  ar.d  strain  distribution  at  ultimate  moment  at  a  section 
of  a  partially  prestressed  concrete  beam.  From  equilibrium  of  forces  anr  by  relating 
the  strains. 


*  =  (p?su  ‘  P'PJr  =  k1k3( 


c  -  e  -  e 
u  se  ce 


— ) 


For  the  specie!  case  a  balanced  beam, 


This  equation  shows  that  the  higher  the  prestress  (i.e.,  the  larger  ese),  the  greater 
the  balanced  reinforcing  index.  Therefore,  Equation  5  can  also  be  used  to  obtain 
a  conservative  estimate  of  th8  maximum-allowable  reinforcing  index  for  beams  which 
are  partially  prestressed. 


Beam  Section  Strain 


— |- — 


Strtss 


Figure  4.  Stress  and  strain  distribution  at  ultimate  moment  for  P/C  beam. 
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Steel  Ductility.  A  beam  must  be  capable  of  large  inelastic  deformations  prior 
to  collapse  to  meet  the  dynamic-deflection  criterion  established  for  a  given  design. 

This  requires  that  the  tensile  reinforcement  be  capable  of  elongating  c  :ertain  minimum 
amount,  eS(J .  By  rearranging  Equation  1, 


Equation  8  gives  the  maximum  strain  in  the  tensile  steel  at  ultimate-moment  capacity 
and  is  plotted  in  Figure  5.  The  required  strain  capacity  of  the  tensile  steel  in  simply 
supported  beams  can  be  estimated  from  Figure  5.  This  figure  may  also  be  used  to 
estimate  the  required  strain  capacity  of  the  tensile  steel  at  the  point  of  maximum 
positive  moment  in  restrained  beams.  Also  shown  in  Figure  5  is  the  approximate.strain- 
hardening  strain,  e0,  for  intermediate-grade  steel  and  a  chromium-alloy  steel  with  a 
well-defined  yield  stress  of  91,600  psi. 


Figure  5.  Maximum  steel  strain  at  ultimate  moment  in  simply  supported  beams. 
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The  reinforcing  index  must  be  quite  small  in  order  to  gain  the  ductility  required 
in  blast-resistant  design.  Experience  has  shown  that  it  is  generally  greener  than  0.08 
and  rarely  exceeds  0.2.  Within  this  range  of  the  reinforcing  index  the  following  con¬ 
clusions  can  be  drawn  from  Figure  5  about  the  tensile  steel  in  simply  supported  beams: 

1.  The  strain  in  the  tensile  steel  at  ultimate  moment,  csu,  is  g>r-^ter  'ran  eQ 
for  all  grades  of  steel  except  possibly  structural-  and  intermediate-grade; 
i.e. ,  all  grades  of  steel  except  possibly  structural-  and  intermediate-grade, 
will  be  strain-hardened. 

2.  The  maximum  ductility  required  of  the  tensile  steel  will  occur  in  beams  with 
a  low  q  and  f^.  For  this  condition,  the  maximum  strain  in  the  tensile  steel 
will  be  about  4  to  5  percent.  Therefore,  the  minimum  ductility  of  reinforce¬ 
ment  used  in  blast-resistant  design  should  be  5  percent.  However,  the 
ductility  should  be  greater  than  5  percent  (a)  for  reasons  of  safety,  (b)  because 
Equation  8  is  only  theorePcal  and  (c)  to  account  for  the  possible  variation 

in  the  elongating  capacity  of  any  one  type  of  steel.  Therefore,  it  is  recom¬ 
mended  that  the  tensile  reinforcement  be  capable  of  elongating  at  least 
10  percent. 

Compression  Steel.  In  concrete  beams  designed  to  resist  blast  loads,  compression 
steel  is  required  in  order  to  obtain  enough  ductility  in  the  beam  and  to  protect  against 
negative  moments.  Whether  full  advantage  is  taken  of  high-strength  steel  for  compression 
reinforcement  will  depend  upon  its  location  in  the  beam  and  the  magnitude  of  the 
reinforcing  index.  From  the  strain  distribution  in  Figure  2,  if  <  e^, 


(9a) 


Rearranging  Equation  1b, 
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Combining  Equation  1,  9a,  and  9b,  if  =  f ' 
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Any  d'/d  less  than  that  given  by  Equation  9  will  insure  that  the  comprc^ion  steel 
yields  before  the  beam  section  reaches  its  ultimate-moment  capacity,  equation  9 
is  plotted  in  Figure  6  for  a  3,000-,  5,000-,  and  7,000-psi  concrete  strength.  Values 
for  kjkg  and  were  determined  from  Equations  3  and  4,  respectively. 

As  stated,  the  reinforcing  index  seldom  exceeds  0.2  for  beams  properly  designed 
to  resist  blast  loads,  and,  except  for  very  deep  beams,  the  practical  !ovv**r  limit  for 
d'/d  is  about  0. 15.  Figure  6  shows  that  within  these  limits  for  q  and  d'/d  the  maximum 
stress  that  can  be  developed  in  the  compression  steel  is  about  45,000  psi.  This  suggests 
that,  except  in  very  deep  beams,  the  additional  strength  offered  by  high-strength  steel 
cannot  be  utilized  before  the  concrete  crushes  in  compression.  Therefore,  in  special 
cases,  it  may  be  more  economical  to  use  two  different  grades  of  steel,  i.e.,  high-sfrength 
steel  for  tensile  reinforcement  and  intermediate  grade  for  compression  reinforcement. 
However,  in  general,  it  may  be  cheaper  to  make  all  steel  of  the  same  type,  since  this 
will  reduce  construction  problems. 

The  dashed  line  in  Figure  6  gives  the  ratio  d'/d  which  at  ultimate  moment  would 
cause  the  neutral  axis  to  be  located  at  the  level  of  the  compression  steel.  For  ratios 
of  d'/d  greater  than  those  corresponding  to  this  curve,  the  "compression  steel"  will  lie 
below  the  neutral  axis  and  actually  be  in  tension. 

Equation  9  was  compared  with  reported  beam  tests.  ®  In  the  reported -series-C 
beams,  d'/d  was  0. 17  and  Vc  was  5, 100  psi.  For  fjU  =  0,  the  value  of  q  calculated 
from  Equation  1  was  0.09.  In  several  tests  the  strain  gages  on  the  top  and  bottom  face 
of  the  compression  steel  showed  that  the  neutral  axis  was  located  in  the  compression 
steel  prior  to  beam  collapse.  Figure  6  supports  this  behavior. 

From  the  standpoint  of  beam  strength,  Equation  18  r^ows  that  the  contribution 
fiom  compression  steel  is  relatively  small.  Therefore,  the  error  in  computing  the 
ultimate-moment  capacity  resulting  from  an  error  in  the  calculated  stress  in  the  com¬ 
pression  steel  is  relatively  small. 

From  the  standpoint  of  beam  ductility,  the  contribution  from  compression  steel  is 
large.  This  follows  because  the  ultimate  deflection  (Equation  19)ihcreases  considerably 
with  an  increase  in  the  ultimate  rotational  capacity  (Equation  19b)  of  a  beam  section. 

The  ultimate  rotational  capacity,  in  turn,  is  inversely  proportional  to  the  reinforcing 
index  (Equation  18d)  which,  in  turn,  decreases  v/ith  an  increase  in  the  amount  of  com¬ 
pression  steel.  This  latter  point,  of  course,  assumes  that  the  ratio  d'/d  is  small  enough 
to  permit  the  compression  steel  to  carry  its  share  of  the  load.  For  example,  if  d'/d  is 
such  that  the  neutral  axis  is  in  the  compression  steel  at  ultimate-moment  capacity,  beam 
ductility  will  not  be  increased  by  increasing  the  amount  of  compression  steel. 
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Therefore,  an  error  in  the  calculated  stress  in  the  compression  steel  can  result 
in  a  large  error  in  computing  beam  ductility  but  a  small  error  in  computing  beam  ’ 
strength. 


Tensile  Steel  Ratio.  In  design,  the  steel  and  concrete  strength  are  generally 
selected  first  and  then  the  dimensions  of  the  cross  section  and  the  amr.-nt  of  reinforce¬ 
ment  are  adjusted  to  give  the  necessary  strength  and  ductility.  Therefore,  when  the 
designer  adjusts  the  reinforcing  index  he  is  actually  limiting  the  amount  m  tensile 
steel  that  can  be  used.  In  other-words,,  he  is  adjusting  the  tensile  steed  rat  o  to  a 
value  less  than  the  steel  ratio  corresponding^  the.  maximum -allowable  reinforcing 
index,  qQ.  ' 


The  equation  for.  the  tensile  steel  ratio  c6rrespohding;to.qu  is  determined' for 
beams^without  compression  steel  (p‘  =  0)  by  rearranging.  Equation  2a  end  lifting 

%  =  V 


if.! 

(f) 


(10) 


Equation  10  gives  the  maximum-allowable  steel  ratio  pQ  for  beams  with  no  compression" 
steel  and  is  plotted  in  Figure  7.  The  values  for  qQ  were  computed  from  Equation  5. 


compression  steel.. 
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In  section  1601  of  the  "Proposed  Revision  of  Building  Code  Requirements  for 
Reinforced  Concrete  (ACI  318-56)"  9  the  allowable  ratio  of  tensile  steel  is  given  by 


P 


a 


0.85k.f* 
1  c 


f* 

y 


/  90,000  \-i 

\ 90, 000  +  f*/J 

y 


where  f*  =  0. 8f  ,  for  f  £  75, 000  psi 

y  y  y 

f*  =  2fy3 


kj  =  0.85,  for  f*  £  4,000  psi 

k.  =  0.85  -  0. 05  [(f*  -  4, 000)/l, 000],  foi  .-  >  4, 000  psi 
I  c  c 

The  latter  equation  for  pa  is  compared  with  Equation  10  in  Figure  7.  The  proposed 
revision  to  the  1956  ACI  Code  does  not  permit  designs  to  be  based  on  f  in  excess 
of  75, 000  psi.  ^  Therefore,  no  comparison  is  shown  for  a  steel  with  a  yield  strength 
of  90, 000  psi. 


The  addition  of  compression  steel  in  beams  permits  increasing  the  amount  of 
tensile  steel,  thus  increasing  the  strength  of  the  beam. 

For  beams  with  compression  steel,  the  allowable  tensile  steel  ratio  is  pQ.  If 
%  =  %  ^en  ^b  =  *a  an^  ^lua*'on  2  becomus 


q 


a 


j'f’  ) 
su' 


(Ha) 


Solving  forqQ  in  Equation  10  and  setting  it  equal  to  Equation  11a, 


=  (pCf  -  p'f'  )-p 
f  Tay  r  si  f 


(11b) 


c 

P„ 


=  Pn  + 


Rearranging 


01) 


where  P  /f  s  f'/f 
si/  y  /  y 

Equation  11  gives  the  maximum-allowable  tensile  steel  ratio,  p^j,  corrosnonding  to 
the  maximum-allowable  reinforcing  index,  qQ,  for  beams  with  compression  steel. 

The  steel-stress  ratio  fju/fyj  for  the  case  when  the  compression  srevi  ti  not 
yield,  is  determined  by  rearranging  Equation  9  and  letting  q  =  qQ. 


su  _  F  r  d'  /kr3\-| 

r  -  VuL1  ) 

w  1  1 


where  qQ  =  0.510  -  (1.9f  +  22P)  10' 


Equation  12  is  plotted  in  Figure  8  for  various  steel  and  concrete  strengths  and  ratios 
of  d'/d. 


The  value  of  the  steel-stress  ratio  to  be  used  in  Equation  11  will  depend  upon 
whether  or  not  the  compression  steel  has  yielded.  If  the  compression  steel  has  not 
yielded,  f^/f  <  f Vf  ,  and  the  steel-stress  ratio  taken  from  Figure  8  should  be 
used  in  Equation  1 1;  rt  the  compression  steel  has  yielded,  fjy/f  =  f  */f  ,  and  the 
ratio  fy/f  should  be  used  In  Equation  1 1.  Thus,  from  Equation  11  and  Figures  7  and 
8,  the  minimum -allowable  tensile  steel  ratio  can  be  determined  for  a  beam  with 
compression  steel. 


In  the  proposed  revision  to  the  ACI  Code  318—56,  ^  the  stress  ratio  to  be  used 
in  Equation  1 1  is  either  zero  or  unity.  If  the  compression  steel  stress  is  less  then  the 
yield  stress,  f* ,  the  stress  ratio  is  assumed  to  be  zero  except  whp-<  a  generr!  analysis 
is  made.  ^  Thus,  for  this  case  no  increase  is  permitted  in  the  allowable  tensile  st-eei 
ratio;  i.e.,  p®  =  p^.  If  the  compression  steel  does  yield,  the  stress  ;atio  is  assumed 
to  be  unity.  For  this  case,  a  stress  ratio  greater  or  less  than  unity  is  not  permitted 
because  the  ACI  Code  does  not  specify  for  beams  reinforced  with  two  different  grades 
of  steel. 


It  is  interesting  to  note  from  Figure  7  that,  within  the  practical  range  of  steel 
ratios  used  in  design,  there  is  little  chance  of  over -reinforcing  a  beam  with  structurcl- 
or  intermediate-grade  steel.  However,  the  designer  should  pay  particular  attention 
to  the  amount  of  tensile  reinforcement  when  designing  with  high-strength  steels. 


15 


Cracks  and  Deflections 

The  engineering  requirements  for  a  reinforced  concrete  structure  may  roughly 
classified  as:  10 

1.  Adequate  safety  against  failure 

2.  Limited  crack  formation 

3.  Limited  deflection  (sufficient  rigidity) 

Each  of  these  requirements  can  impose  an  upper  ceiling  on  allowable  steel  stresses 
and,  therefore,  the  grade  of  steel  to  be  used  in  a  concrete. structure.  Item  l  has 
already  been  discussed.  The  influence  of  the  grade  of  steel  on  items  2'an'd  3;is 
examined  in  the  following  paragraphs. 

In  general,  the  higher  the  yield  strength  of  a. steel,  the  less  desirable  it  becomes 
to  use  such  a  steel  in  unprestressed  concrete  because  of  excessive  deflection  and 
cracking  under  static  service  loads.  Although,  S3  stated;  a  given  yield  resistance 
can  be  obtained  more  economically  with  high-strength  steel,  the  beam  will  not  be 
as  stiff  and  will  deflect  more  under  static  service  loads.  Therefore,  another-  factor 
which  wil!  influence  the  feasibility  of  using  high-strength  steel  in  unprestressed 
concrete  will  be  the  acceptable  limit  for  deflections.  However,  this  factor  will 
become  less  importan*  as  the  magnitude  of  the  blast  load  increases. 

.  ___  <r« 

Yield-Load  Factor.-  The  greater  the  r<  rio  between  the  static  service  load  and 
the  static  yield  resistance  required  to  withstand  the  imposed  blast  loading,  i.e. ,  the 
greater  the  yield-load  factor;  the  more  feasible  if  becomes  to  use  high-strength  steel 
in  unprestressed  concrete.  The  physical  properties  necessary  to  resist  large  blast 
bads  (e.g.,  depth  of  beam  and  steel  percc’.tcge)  will  generally  put  deflections  under 
static  service  loads  within  acceptable  limits. '  ”  ■  H 

The  acceptable  limit  for  deflections  depends  upon  the  type.-and  intended  runtdbn 
of  the  structure.  However,  the  maximum-allowable  deflection  is  commonly  limited  to 
some  fraction  of  the  span.  The  minimum  yteld-locJ  factor  required  to  limit  deflecrions 
to  some  fraction  of  the  span  is  a  function  of  the  support  conditions,  span-to-d -orh 
ratio,  yield  strength  of  the  reinforcement,'  the  percentage  of  steel,  and  effecMve 
prestress  level.  The  relationship  between  each  of  these  variables  is  discussed  below. 
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Then,  combining  Equations  ICa  through  13d, 

f  -  r 

minimum  yield-load  factor  (M.  L.  F. )  =  N  j  (13) 

For  beams  with  no  prestress,  fJe  =  0.  Equation  13  gives  the  v'ola'-lcad  roctor  at 
which  the  mid-span  deflection,  ys,  of  a  simply  $uppon«rJ  beam  undsr  o  ,iatic  service 
load,  wjf  will  be  L/N.  This  equation  indicates  that  excessive  deflections  under 
static  service  loads  may  become  a  limiting  criterion  in  blast-resistant  design  and 
should  be  checked  by  the  designer  in  the  case  of: 

1.  Long  spans 

2.  Shallow  beams 

3.  High-strength  steels 

4.  Low  prestress  levels 


5.  Low  steel  percentages 


Figure  9.  Stress  and  strain  distribution  at  yield  moment. 


Equation  13  is  plotted  in  Figure  10  for  typical  L/d  ratios  and  steel  perct>.iioges. 
The  curves  are  based  on  a  limiting  deflection  under  static  service  loads  of  L/360. 

The  minimum  yield-load  factor  for  any  other  deflection  criterion,  yield  stress,  or  L/d 
ratio  can  be  found  by  a  direct  proportion  between  the  variables  and  those  values  used 
in  Figure  10. 
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For  the  deflection  criterion  and  range  of  variables  considered  i:,  Figure  10,  the 
following  conclusions  can  be  drawn  about  simply  supported  unprestrr.i.cd  beams: 

1.  It  is  uneconomical  to  use  steels  with  a  yield  strength  much  precfc.  than 
60,000  pst  for  unprestressed  beams  designed  to  resist  only  static  '.ads. 

This  assumes  that  the  yield-load  factor  for  static  designs  is  generally  less 
than  2.5. 

2.  Steels  with  a  yield  strength  as  high  as  90,000  psi  can  be  used  in  unprestressed 
beams  if  the  yield-load  factor  is  greater  than  about  4.5.  A  yield-load  factor 
as  large  cs  4.5  would  seldom,  if  ever,  be  used  for  static  designs.  However, 
for  blast-resistant  design  it  is  highly  probable  that  the  yield-load  factor  will 
bo  this  large. 

3.  The  smaller  the  L/d  ratio,  the  more  economical  it  becomes  to  use  high- 
strength  steals  if  deflection  is  the  limiting  criterion  for  design. 

The  minimum  yield-load  factor  computed  by  Equation  10  such  that  ys  £  L/N 
agrees  well  with  experimental  data.  A  comparison  is  shown  in  the  section  of  this 
report  entitled  ,!Theory  Versus  Experimental  Results.." 

Control  of  Deflections.  Frestressing  the  tensile  reinforcement  will  reduce 
deflections  and  cracks,  increase  allowable  working  loads  and  provide  more  efficient 
utilization  of  ?he  higher-strength  steels  and  concrete.  Therefore,  it  would  seem 
reasonable  that,  in  using  high-strength  ductile  steels,  a  boom  design  should  be 
selected  which  provides  the  necessary  ultimate  strength  and  ductility  to  resist  the 
blast  loading..  Second,  the  ratiti  of  the  static  yield  resistance  to  the  static  service 
load,  Ty/wj,  should  be  computed.  If  ?y/ws  is  greater  than  the  minimum  yield-load 
factor  required  to  limit  deflections  to  L/N,  the  design  I-  sufficient.  If  ry/w^  is  ic-'.s 
then  the  minimum  yield-load  factor,  deflection?  will  be  greater  than  L/N,  a'nd  the 
design  must  be  revised.  Three  alternatives  may  bo.  used  to  revise  the  design: 

1.  increase  the  depth  of  section  ond/or  the  steel  ratio. 

2.  Redesign  the  seetion  using  a  lower-yield-strength  steel. 

3.  Partially  prestress  the  tensile  steel.  The  level  of  prestress  should  he 
adjusted  to  insure  that  the  cracks  and  deflections  at  static  service  loads 
are  within  acceptable  limits  for  the  intended  function  of  the  structure. 
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EXPERIMENTAL  WORK 


Test  Specimens 

Description.  Sixteen  simply  supported  concrete  beams  were  inc!  .ued  in  the 
test  program.  All  beams  were  12  inches  deep,  7-3/4  inches  wide,  and  l5  feet  long. 
Th^/longitudinal  reinforcement  consisted  of  high-strength  deformed  Me  6  Lo.s 
(fy  =  91,600  psi,  p  =  1. 135  percent)  for  tensile  reinforcement  and  interm*;dic.ie-grade 
No.  3  bars  (fy  =  49,900  psi,  p'  =  0.426  percent)  for  compression  reinforcement.  The 
web  reinforcement  consisted  of  No.  3  intermediate-gra-c  lies  (fy  -  49,900  psi)hooked 
to  the  compression  steel.  Extra  ties  were  placed  in  the  center  portion  ci  ihe  beam  to 
contain  the  concrete  and  prevent  buckling  of  the  compression  steel  at  large  deflections. 
The  arrangement  of  the  reinforcement  and  the  physical  details  of  both  the  partially 
prestressed  and  conventionally  reinforced  concrete  beams  are  illustrated  in  Figure  11. 
Eight  beams  were  conventionally  reinforced  (zero  prestress)  and  eight  partially 
prestressed.  The  tensile  steel  in  the  partially  prestressed  beams  was  prestressed  to 
45, 000  psi  (seven  beams)  ov  90, 000  psi  (one  beam). 

The  reinforced  concrete  beams  were  designated  R1  through  R8  and  the  P/C 
beams  PI  through  P8.  Most  of  the  beams  were  loaded  dynamically  more  than  once, 
in  which  case  an  additional  number  is  added  to  the  beam  designation  to  indicate 
the  cycle  of  loading.  For  example,  R3-4  means  R/C  beam  No,  3,  fourth  dynamic 
loading. 

Material  Properties.  The  average  physical  and  chemical  properties  of  the 
reinforcing  bars  are  summarized  in  Table  I.  A  typical  stress-strain  curve  for  each, 
size  bar  is  shown  in  Figure  12.  All  bare  of  each  size  were  from  the  same  lot  and 
met  the  deformation  requirements  of  Specification  A305-56T  of  the  American  Society 
for  Testing  Materials  (ASTM). 

The  No.  3  bars  were  intermediate  grade  and  met  the  requirements  of  ASTM 
A15-58T.  The  No.  6  bars  were  from  a  basic  open-hearth  chromium-alloy  sfoel. 

These  bars  were  made  to  meet  the  deformation  requirements  of  ASTM  A-431  Modified 
(90, 000-psi  minimum  yield  stress).  The  steel  falls  in  the  chemical  requirement  range 
of  Specification  A-5155H  and  A-5160H  of  the  American  Institute  of  Steel  and  Iron 
(AiSI).  These  bare  exhibited  a  linear  stress-strain  relationship  up  to  a  well-defined 
yield  stress  of  91,600  psi. 

Some  alloy-steel  bars  have  less  ductility  then  cold-worked  bare  and  are  re'arivety. 
more  difficult  to  bend.  To  determine  the  bending  qualities  of  the  chromlum-rHoy  bars" 
for  stirrups,  anchorage,  etc.,  six  random  specimens  were  bent  at  room  temperature 
through  90  degrees  around  a  3-inch-diameter  pin.  None  of  the  specimens  showed  any 
signs  of  cracking  on  the  outside  of  the  bent  portion  of  the  bar.  jt  is  interesting  tq. 
note  that  although  ASTM  A431-59T  is  most  nearly  applicable  to  these  bare,  they  met 
the  relatively  severe  bend-test  requirements  for  structural-grade  bare  (ASTM  A15-5  ''T). 
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Figure  11 


Typical  Front  Viow 


Inatrumontotlon 


Location 

Mark 

Measuring  Davies 

i 

SI 

2,  A12-2  alactrlc  drain  gagas 

2 

$2 

2,  A12-2  alactrie  strain  gagas 

3 

S3 

2/  A 12-2  aUctric  *tralr. 

4 

Cl 

1,  AV-2  alactrlc  strain  gaga 

S 

a 

Statham  aecoloromotor 

6 

BP2 

Bourn  s' potantlomatar 

7 

BP1 

and  rotating  drum 

jam  details  and  instrumentation. 
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Table  I.  Physical  Properties  of  Reinforcing  Bars 


Tensile  Properties!/ 


Bar 

Size 

Yield 

Strength 

(psi) 

Ultimate 

Strength 

(PSI) 

Modules  of 
Elasticity 
(106  psi) 

E’ongurion 
in  8  inches 
(percent) 

No.  6 

91,600 

143,000 

28.2 

11.3 

No.  3 

49, 900 

71,500 

27.3 

24.2 

Geometric  Properties^/ 


Bar 

Size 

Area 

(in.2) 

Deformations  (inches) 

Spacing 

Height 

Gap 

(avg) 

(min) 

(avg) 

(max) 

(avg) 

No.  6 

0.43 

0.340 

0.038 

0.039 

0.042 

0. 155 

No.  3 

0.11 

0.187 

0.023 

0.024 

0.025 

0.115 

Chemical  Properties 


Bar 

Chemical  Composition  (percent) 

Size 

C 

Mn 

P 

S 

Si 

Cr 

No.  6 

0.59 

0.92 

0.019 

0.023 

0.33 

0.92 

\J  Average  for  5  bars  of  each  size. 
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The  average  properties  of  the  concrete  are  summarized  in  Tabie  II.  The  concrete 
was  made  with  type-ill  portland  cement.  The  maximum  size  of  the  ccar''-;.  aggregate 
was  3/4  inch.  The  concrete  mix  was  1:2. 4:2. 5  by  weight,  with  a  water-cemenr  ratio 
ranging  between  0.43  and  0.55.  The  slump  of  the  concrete  ranged  from  1,5  ij 
3.5  inches. 


Table  II. 


Properties  of  Concrete 


V 


Beam 

No. 

7-Day 

Compressive 

Strength 

(psi) 

Properties  at  Time  of  Beam  Test 

Age 

(days) 

Compressive 

Strength 

& 

Secant 

Modulus?/ 

E 

(106  psi) 

Tensile 

Strength?/ 

A. 

(psi) 

PI 

5,780 

48 

7,300 

3.49 

mm 

5,820 

67 

7,400 

3.42 

WSm 

4,750 

61 

6,320 

3. 15 

670 

P4 

5,650 

64 

7,320 

— 

720 

P5 

5,300 

56 

6,620 

— 

690  : 

P6 

5,830 

68 

7,740 

— 

725 

P  7 

4,840 

62 

6,130 

— 

685  ’ 

P8 

5,630 

42 

6,690 

3.41 

625 

R1 

6,160 

61 

7,630 

3.58 

665 

R2 

5,600 

56 

7,160 

3.42 

R3 

5,800 

68 

7,200 

3.33 

785  1 

R4 

6,010 

69 

7,530 

— 

730 

R5 

5,840 

62 

7,630 

— 

725  ! 

R6 

6,240 

68 

8,100 

— 

— 

R7 

5, 140 

62 

6,750 

— 

655  j 

R8 

5,500 

42 

6,790 

3.41 

720  | 

ach  value  listed  is  the  average  for  two  control  specimens, 
ecant  modulus  at  0. 5f^ . 
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Methods  of  Prestressing.  Many  methods  of  prestressing  steel  entail  intricate 
operations  and  the  use  of  highly  skilled  labor.  In  addition,  most  methods  are  adapt¬ 
able  only  to  plain  bars,  wire  strands,  .and  cables.  ^ 

Three  methods  of  prestressing  high-strength  No.  6  deformed  bars  "ere  evaluated. 
In  all  three  methods,  the  prestress  force  was  applied  to  the  bar  by  tightening  a  nut 
onto  a  1 -inch-diameter  threaded  stud.  The  first  method  involved  weiding  c  "-id  to 
each  end  of  the  deformed  bar  for  gripping.  A  maximum  bar  stress  of  30, 000  psi  could 
be  developed  before  fracture  at  the  weld.  The  second  method  involved  threading 
each  end  of  the  bar.  This  method  proved  inefficient  bu'  "  maximum  bar  stress  of 
70, 000  psi  could  be  developed.  The,  third  method  of  progressing  consisted  of  welding 
the  threaded  stud  to  a  Howlett  Grip  Coupler  (Figure  13a)' which  in  turn  gripped.the 
reinforcing  bar.  The  Howlett  Grip  Coupler  consist?  of  an  outer  cosing  and  an  inner 
sleeve,  joined  together  by  buttress  threads.  The  sleeve  is  slotted  to  permit  its  diameter 
to  be  reduced.  When  tension  is  applied  to  the.bar,  the  sleeve  moves.  This  movement 
decreases  the  sleeve  diameter  forcing  its, teeth  to  compressively  engege  andigrip  the 
periphery  of  the  bar.  Before  assembling  the  grips,  the  deformations  on  each  end  of 
the  bar  were  scored  with  a  file.  This  permitted  the  sleeve  to  be  twisted  onto  the  bar 
to  provide  an  effective  gripping  surface.  The  reaction  for  tne  prestressing  force  was 
provided  by  anchor  plate  bearing  against  each  end  of  the  steel  form  used  to  cast  the 
beams.  The  stud  had  a  square  cross  section  and  passed  through  a  square  hole  in  the 
anchor  plate.  This  prevented  the  bar  from  twisting  when  the  nut  was  tightened  onto 
the  stud.  Details  of  the  method  of  prestressjng  are  shown  in  Figure  13b.  The  latter 
method  was  chosen;  it  was  simple  to  use  and  its  application  is  broad. 

Fabrication.  The  beams  were  cast  right  'side  up  in  steei  forms  which  had  a 
movable  side  plate  to  facilitate  removal  of  the  beams.  After  thefeinforcing  cage 
was  assembled,  a  Howlett  sleeve  was  twisted  onto  each  end  of. the  bars  to  be 
prestressed.  Next,  a  cage  was  positioned  in  each:o_f.  three  steel  forms  by  hydrostorjp 
spacers  placed  at  the  quarter-points  of  the  cage,  with  a  wooden  spacer  box  at  each 
end.  The  prestressing  jig  was  then  .assembled  on  the  bars  of  the  cages  to  be  prestressed, 
and  the  anchor  plates  were  bolted  onto  each  end  of  the  thise  forms  (Figure  13b). 

The  prestress  was  applied  simultaneously  to  each  bar  by  tightening  snug-tight 
nuts  (Figure  13b)  in  increments  of  1/8  of  a  revolution.  At  each  increment  of  nut 
revolution,  the  required  torque  and  corresponding  bar  strains  were  measured  with  a 
torque  wrench  and  strain  indicator,  respectively.  The  bar  stress  computed  from  the 
strain  gage  measurements  on  the  bar  was  also  compared  with  the  bar  stress  as  determined 
by  a  lead-cell  measurement.  A  typical  curve  of  the  measured  torque,  nut  revolutions, 
and  bar  stress  versus  load-cell  stress  is  shown  in  Figure  14. 

Six  days  after  casting  the  concrete,  the  prestress  force  was  transferred  to  the 
beam.  The  force  was  released  by  slowly  loosening  the  nuts  at  each  end  of  the  bars. 

The  beams  were  then  removed  from  the  forms  and  stored  to  field-cure  until  they  wee 
tested. 
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The  loss  in  prestress  of  each  P/C  beam  was  measured  at  periodic  ir^ervals 
between  the  time  of  casting  and  testing.  The  instantaneous  losses  at  transfer  were 
measured  with  strain  gages  mounted  on  the  bar  at  mid-span.  These  losses  ag.s^d 
well  with  computed  losses  due  to  elastic  shortening  and  bending.  Estimate',  cf  .he 
totai  loss  in  prestress  were  determined  from  strain-gage  readings  and  meas'rements 
of  the  increase  in  mid-span  deflection.  A  typical  relationship  between  tne  prestress 
loss  and  time,  for  beams  with  an  initial  prestress  of  90, 000  psi  and  45, 000  psi,  if. 
shown  in  Figure  15. 

Test  Equipment 

Loading  Machine.  The  beams  were  tested'in  the  NCEL  blast  simulator  (Figure  16). 
A  schematic  of  the  beam  in  the  simuiator  is  shown  in  Figure  17^  The  simulator; consists 
basically  of  a  cylindrical  pressure  chamber  to  contain  an  air  over-pressure  and  two 
parallel  walls  which  extend  vertically  down  frorrrthe  bottom  of  the  tank.  These  walls 
extend  the  full  length  of  the  cylinder  and  enclose  the  sides  of  the  beam  to  contain 
the  air  over-pressure  on  the  top  surface  of  the  member. 

A  uniformly  distributed  static  or  blast  pressure  may  be  applied  over  the  top 
surface  of  a  beam.  A  static  pressure  is  achieved  by  introducing  compressed  air  into 
the  chamber.  A  blast  pressure  is  generated  by  detcnating  explosives  inside  the 
chamber,  and  the  peak  pressure  is  controlled  by  the  amount  of  explosive.  The  rate 
of  decay  and  duration  of  the  pressure  is  controlled  by  a  series  of  valves  which  vent 
the  chamber  to  the  atmosphere.  ‘  ^ 

Instrumentation.  Pressure,  acceleration,  deflection,  and  strain  at;the. -locations 
shown  in  Figure  11  were  recorded  as  a  function  of  time.  The  applied  pressure  was 
measured  by  pressure  transducers  at  three  locations,  two  a;  the  center  and  one  ai-rfta 
end  of  the  blast  simulator,  1  inch  above  the  top  of  the  beam.  The  acceleration  was 
measured  with  a  100-g  accelerometer.  The  deflections  at  the  quarter-points  of  the 
beam  were  measured  by  a  linear  potentiometer  and  a  direct-recording  rotating-drum 
deflection  gage.  The  strain  in  the  two  tensile  bars  and  the  center  compression. Bar 
was  measured  at  mid-span  by  two  A12,  SR-4  strain  gages  placed  diametrically  opposite 
each  other.  This  arrangement  of  gages  permitted  an  accurate  measurement  of  the 
force  in  the  bars  at  large  beam  deflections.  Strain  in  the  top  fiber  of  the  concrete 
at  mid-span  was  measured  by  an  A9-2,  SR-4  gage.  The  signal  output  from  each 
transducer,  except  the  rofating-drum  deflection  gages,  wos  sent  through  a  carrier 
amplifier  and  recorded  by  an  oscillograph. 
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Test  Procedure 


Preparation  of  a  beam  for  a  test  was  the  same  whether  the  test  we  •  static  or 
dynamic.  First,  the  beam  was  positioned  on  movable  carts  which  serve'*  as  end 
supports.  A  sheet  of  Teflon  was  then  draped  over  the  top  and  down  the  ':des  of  the 
middle  quarter  of  the  beam.  The  Teflon  was  very  effective  in  reducing  Tric.’i^'al 
force;  if  the  beam  rubbed  against  the  simulator  walls.  It  also  containea  the  .  ushed 
concrete  at  collapse  of  the  beam.  The  whole  unit  was  then  rolled  between  the  walls 
of  the  blast  simulator,  and  the  carts  were  anchored  to  the  conr  ete  found-;t:on. 

Finally,  all  measuring  Instruments  were  fastened  to  the  ooam,  oil  e-h  -tr'-  al  connec¬ 
tions  were  made,  and  a  strip  of  neoprene  was  placed  over  the  top  of  the  beam  !o  sea! 
the  chamber.  A  beam  ready  for  testing  is  shown  schematically  in  Figure  17. 

Before  testing,  the  natural  period  of  vibration  of  several  beams  was  measured 
by  displacing  the  center  of  the  beem  upward  with  a  wedged  block  and  suddenly 
removing  it.  The  induced  free  vibrations  were  measured  by  the  strain  gages  and  the 
deflection  transducers  and  were  recorded  by  the  oscillograph.  The  natural  period 
was  measured  with  and  without  the  Teflon  seal  in  place  and  with  the  beam  cracked 
and  uncracked. 

Static  Tests.  In  the  static  tests  the  beams  were  uniformly  loaded  by  introducing 
compressed  cir  into  the  pressure  chamber  of  the  blast  simulator.  The  pressure  level 
was  monitored  from  a  master-control  panel.  The  R/C  beams  were  loaded  up  to  the 
cracking  load,  unloaded,  and  then  reloaded  to  failure.  The  P/C  beams  received 
only  one  cycle  of  loading.  During  loading,  the  pressure,  deflections,  and  strains 
were  recorded  at  regular  intervals  of  pressure  by  the  oscillograph  up  to  the  yield 
deflection.  Thereafter,  the  oscillograph  was  operated  continuously  until  the  maxi¬ 
mum  resistance  of  the  beam  was  overcome.  The  pressure  on  the  beam  was  then 
released,  and  measurements  of  residual  strains  and  deflections  were  taken. 

Dynamic  Tests.  In  the  dynamic  tests  the  beams  we"  loaded  by  detonating  cn 
explosive  charge  in  the  pressure  chamber.  First,  one  channel  of  the  electro-mechanical 
programmer  was  set  to  control  the  firing  sequence  and  delay-time  of  the  air  vents. 

The  amount  of  explosive  charge  required  to  obtain  the  desired  peak  pressure  was  tn~r 
loaded  into  the  pressure  chamber.  The  blasting  caps  were  inserted  and  wired  to  the 
master-control  circuit.  Next,  a  zero  and  calibration  trace  for  each  transducer  were 
recorded  by  the  oscillograph.  Finally,  a  switch  was  dosed  which  started  the  program  - 
mer  which  in  turn  started  the  recording  equipment,  automatically  ignited  the  explcd’1* 
charge,  and  controlled  the  air  vents. 

After  the  shot,  the  permanent  strains  and  deflections  were  recorded,  and  the 
beam-cart  assembly  was  rolled  out  of  the  simulator.  The  beam  was  inspected,  crack 
patterns  were  recorded,  and  photographs  taken.  If  the  beam  wes  not  seriously  damaged, 
it  was  rolled  back  into  the  simulator  and  the  above  procedure  repeated. 
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Table  III.  Summary  of  Static-Test  Results!/ 


Cracking 

Yield 

Ultimate 

Beam 

|  ood 

LopH 

Defl. 

Load 

Der-er.tion  (ir 

•  / 

No. 

rc 

Yc 

ry 

yy 

ru  . 

Mid -Span 

Quarter-:' oi^i 

_ 

(kips/ft) 

(in.) 

(kips/ft) 

(in.) 

(kips/ft) 

Yu 

/u 

.... 

V>  # 

R1 

WBM 

Hj 

2.35 

1.60 

2.72 

3.92 

2.55 

2.55 

R2 

2.39 

1.61 

2.92 

4.00 

2.55 

2.57 

PI 

1.  16 

0.25 

2.36 

1.11 

2.80 

— 

— 

— 

P2 

1.02 

0.25 

2.20 

1.20 

2.70 

3.99 

2.47 

2.48 

P8 

— — — 

1.30 

0.30 

2.28 

0. 80 

2,86 

3.93 

2.46 

2.47 

1/  Values  listed  correspond  to  the  straight-line  approximation  of  the  experimental 
load-deflection  curves  shown  in  Figures  A1-A10  of  Appendix  A. 


Test  Results 

Static  Tests.  Five  beams  were  tested  statically  to  failure  to  provide  a  comparison 
with  similar  beams  tested  dynamically.  Beam  R1  received  two  cycles  of  loading.  It 
was  loaded  until  sufficient  cracking  developed  (approximately  0.5  kips  per  ft),  unloaded, 
and  then  reloaded  to  failure.  Beams  R2,  P2,  and  P8  received  continuous  loading  to 
failure.  Beam  PI  received  five  cycles  of  loading.  This  test  gnve  some  measure  of  the 
resilience  and  load-deflection  characteristics  of  the  P/C  beams  under  repeated  loads. 

The  results  of  the  static  tests  are  plotted  in  Figures  A1-A10  of  Appendix  A.  These 
figures  include  load  versus  mid-span  deflection  and  load  versus  steel  and  concrete  strcirv 
An  idealization  of  the  load-deflection  curves  as  two  straight  lines  is  also  shown. 

The  results  of  the  static  tests  are  summarized  in  Table  III.  The  values  give*  in 
Table  IS!  correspond  to  the  idealization  of  the  experimental  load-deflection  curve. 

Photographs  of  the  beams  tested  statically  are  shown  in  Figures  Cl  and  C5. 
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Dynamic  Tests.  The  results  of  the  dynamic  tests  are  presented  in  ..Sc  form  of 
tables,  figures,  and  photographs.  The  load  and  response  characteristics,  nmv.ium 
end  permanent  strains,  damping  characteristics,  and  dynamic  yield  resistance  ,re 
summarized  in  Tables  IVa,  IVb,  IVc,  and  V,  respectively.  Figures  B1  ar.d  B2 
(Appendix  B)  contain  plots  of  effective  peak  load  versus  in’tici  maximum  deflection 
for  the  R/C  and  P/C  beams,  respectively.  The  deflected  shape  versu.  Hi-e  for  a 
beam  which  rebounded  is  shown  in  Figure  113.  A  damage  curve  for  each  type  of 
beam  is  presented  in  Figures  B4  and  B5.  Photographs  showing  the  extent  and  distri¬ 
bution  of  cracking  of  each  beam  are  included  in  Figures  C2  through  C5  (Appendix  C). 
Typical  oscillograms  showing  the  time  variat!on  in  the  measured  quantities  are  presented 
in  Figures  D1  through  D3  (Appendix  D). 

Most  of  the  tables  and  figures  are  self-explanatory.  The  logarithmic  decrement 
and  damping  factor  shown  in  Table  IVc  are  based  cn  the  assumption  of  viscous  damping. 
The  values  were  obtained  from  the  oscillcg>aph  traces  by  measuring  successive  peak 
amplitudes  of  free  vibration  A^  and  An  +  j  after  the  beam  had  reached  its  initial 
maximum  displacement.  Then  the  logarithmic  decrement  was  computed  from  the 
following  relationship: 

A 

6  =  lnj-2-  (14) 

n+ 1 


It  was  not  possible  to  calculate  the  logarithmic  decrement  by  considering  the  reduction 
in  displacement  amplitude  over  more  than  one  cycle  of  oscillation  because  the  free 
vibrations  damped  ojt  so  quickly. 

The  amplitudes  of  free  vibration  were  very  small  for  the  boams  which  experienced 
large  plastic  deflections.  Therefore,  the  logarithmic  decrement  was  not  measured  for 
these  beams  because  of  the  accuracy  of  the  amplitude  measurements. 

Finally,  the  viscous  damping  factor  was  calculated  from 

8  =  £  ',5> 
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Table  IVa.  Results  of  Dynamic  Tests  —  Load  and  Response  Character5 sties 


Loading 

Duration 

No. 

B 

(kips/ft) 

Effec. 

Te 

(msec) 

Actual 

T 

(msec) 

R3-1 

0.64 

230 

850 

R3-2 

1.36 

450 

900 

R3-3 

1.89 

330 

1,030 

R3-4 

2.29 

245 

1,020 

R3-5 

2.24 

260 

1, 100 

R4-1 

2.20 

350 

1,100 

R5-1 

1.22 

250 

1, 140 

R5-2 

2.19 

225 

1,120 

R5-3 

2.16 

270 

1,100 

R5-4 

2.04 

270 

1,150 

R&-1 

2.44 

290 

1,120 

R6-2 

2.15 

385 

1,170 

R7-I 

1.21 

100 

140 

R7-2 

1.75 

95 

145 

R7-3 

2.42 

90 

145 

R7-4 

2.55 

545 

1,190 

R8-1 

1.84 

85 

140 

R8-2 

2.54 

375 

i,180 

?3-l 

0.52 

030 

1,010 

P3-2 

1.13 

280 

900 

P3-3 

1.76 

250 

920 

P3-4 

1.89 

335 

MO 

P3-5 

2.55 

545 

940 

?4-l 

0.58 

400 

1,000 

P4-2 

0.51 

225 

900 

P4-3 

2.40 

420 

1,000 

P4-4 

2.46 

270 

1,040 

P5-1 

1.72 

200 

900 

P5-2 

2.18 

235 

930 

P5-3 

2.33 

250 

920 

P5-4 

2.28 

270 

940 

P6-1 

2.64 

315 

9i0 

P6-2 

2.30 

210 

920 

P7-1 

0.86 

90 

125 

P7-2 

1.92 

85 

140 

P7-3 

2.11 

95 

150 

P7-4 

2.37 

825 

1,000 

Mid-Spon  Deflection 


Accum,  I  Accum, 
Perm,  I  Max 


'm  v 
<’"•>  Onf) 


1.16  !  2.87 
2.07 


m\ 


Strain  '«'> '<& 


J j  Value  corresponds  to  the  period  of  the  beam  oscillations  at  mid-span  after  initial  maximum  response 
2/  Values  given  only  for  tests  where  tension  steel  yielded  and  gages  not  damaged.. 


Table  !Vb.  Results  of  Dynamic  Tests  —  Maximum  and  Permanent  Strains  and  Deflection 


Table  IVc.  Results  of  Dynamic  Tests  —  Damping  Characteristics 


Logarithmic  Damping  > 
Decrement;  <6  Factor,  B' 


R3-1 
R3— 2; 

R5“V 

R7-l^ 


R3-3 

R3-4 

R3-5 

R4-1 

R5-2' 

R5-3fe 

P3-3 

P3-4' 

P5-1*-  - 

7i-m 


5  2, 54? 


]/  Based  on*/}£  =  <20  percent .for,lR/G  beams:and  $£ <■= rT  1  pe r’c e n t Tor :P/G  beams 
2/  No  seal,  short: duration* load.1 
3/  Beam  rebounded;'  . 

4/  Static1  pressure. on  beaniduringj  vibration*  test. 

5/  Uncracked; 

6/  Cracked; 


Table  V.  Measured  Increase  in  Yield  Resistance 


Beam 

No. 

Strain 

Rate 

• 

€ 

(in. /in./sec) 

Strain 

Def 

ection 

Reference  6 
Increase 
in 

Yield  Stress 

(fyd  -  fy>/fy 
(Jtj 

Dynamic^/ 

Yield 

Strain 

€yd 

(uin./in.) 

Increase?/ 

in 

Yield  Strain ' 

(cyd  -^)Ay 

Dynamic^/ 

Yield 

,  Defl- 

7yd 

(in.) 

’ 

Increase!/ 

in 

Yield  Defl. 

'7yd  "7v)/yy 
CM 

P3-3 

BM 

3, 880 

21 

mm 

12 

11 

P4-3 

1 

3*730 

16 

■HU 

14 

11 

P5-2 

■ 

4,050 

26 

1.38 

20 

11 

P6-1 

3,960 

24 

1.36 

18 

11 

R4-1 

4,100 

28 

1.99 

25 

12 

R5-2 

3,900 

22 

1.65 

3 

12 

R6-1 

0.24 

3,760 

18 

1.89 

18 

13 

R7-2 

0.15 

3,750 

17 

1.53 

0 

10 

J /  f  ^  =  elastic  strain  in  tension  steel  prior  to  test  plus  measured  strain  to  yield. 

2/  Based  on  a  static  yield  strain  of  3,200  fiin./in.  ^ee  Figure  12). 

3/  y  ^  =  mid-span  deflection  at  first  yielding  •:  rension  steel. 

4/  Based  on  a  static  yield  deflection  of  1.60  in.  for  R/C  beams,  1.  15  in.  for  P/C  beams. 


THEORY  VERSUS  EXPERIMENTAL  RESULTS 
Static  Tests 

The  accuracy  of  a  dynamic  analysis  depends  to  a  large  degree  on  how  well  me 
shape  of  the  static  resistance  diagram  (load-deflection  curve)  of  a  beam  can  be 
predicted.  Therefore,  a  theoret  ical  analysis  was  made  of  those  beams  which  were 
tested  statically.  The  material  properties  listed  in  Table  II  and  VI  were  used  in  the 
theoretical  calculations.  Computations  were  maae  of  the  load  and  deflection  cor¬ 
responding  to  initial  yielding  of  the  tensile  steel  and  ultimate  collapse  of  the  Learns. 
The  load  corresponding  to  first  cracking  of  the  concrete  was  also  computed.  The 
results  of  the  theoretical  analysis  and  a  comparison  with  the  experimental  values 
(Table  III)  are  summarized  in  Table  VI, 
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The  procedure  used  to  calculate  the  various  loads  and  deflections  is  outlined 
in  the  following  sections. 

Cracking  Load.  The  cracking  load  for  the  P/C  beams  is  given  by 


fj 


L82[fseAs(d  "  k’d)  +  bdfr -  k'd)  +  h  -VdJ 


where  I  =  (1/12)  bh3  +  (n  -  1)  A$  (d  -  kd)2  +  (n  -  1)A>  (kd  -  d')2  (16a) 

k'd  =  [h2  (b/2)  +  A^  (n  -  1) d*  +  A$d  (n  -  l)]/[(n  -  1)  (As  +  A|)  +  hb]  (16b) 

Yield  Load  and  Deflection.  With  reference  to  Figure  9,  the  yield  load  is 

given  by 

ry  <17> 

where  k  =  V2n  [p  +  p'  (d'/d)]  +  n2  (p  +  p')2  -  n  (p  +  p‘)  (17a) 

f;  =  cck  -  (d'/d)  vo  -  k)}  (fy  -  fse)  07b) 

The  yield  deflection  is  given  by  Equations  13a  and  13c  and  is  repeated  here  for 
completeness. 

>v  ■  ( jskL 2  <'3’» 


f  -  f 
y  se 

°V  Efd(l  -  k 


f  =  0  for  R/C  beams 
se  ' 


Ultimate  Load  and  Deflection.  The  ultii.iate  load  capacity  of  all  beams  was 
computed  from  the  following  equation: 


-  -p/,'/'  -  (i^)«] +  w[(k^)<'  -f]} 
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Equation  3  was  used  to  compute  kjkg.  The  value  of  kg  was  taken  from  Reference  4  as 


k?  »  0.50 


f' 

c 

80,000 


(18a) 


By  a  process  of  iteration#  fJU,  fjy,  and  q  were  determined  from  the  following 
equations  and  Figure  12. 


k.k. 

=  Fe  (  13  -  l' 

)  <  € 

(18b) 

o\  q  t 

f  S3 

=  £  c  fl  -  (~) 

(18c) 

s  uL  \d / 

Pf  “  P'f 

’  5U  SU 

S  =  r. 

(18d) 

i 

c 


The  value  of  e  was  taken  from  Figures  A1-A10.  The  compctability  factor,  F,  was 
assumed  equal  to  unity  (e.g.,  good  bone).  The  iteration  procedure  involved  the 
following  steps:  (1)  A  reasonable  value  of  a.  was  assumed  (for  the  first  assumption, 
q  was  computed  from  Equation  13d  by  assyming  that  ?S(J  -  fy  and  f^j3  fy)/‘  (2)  This 
value  was  substituted  in  Equation  18b  and  18c  to  determine  es„  and  \3)  Knowing 
esu,  fsu  was  determined  from  Figure  12;  (4)  Finally,  q  was  calculated  from  Equation  18 
and  compared  with  the  assumed  value.  If  the  assumed  and  computed  value  cf  q-were 
not  the  same,  the  procedure  was  repeated  using  the  computed  value  for  the  next  tr:-l. 
The  procedure  was  found  to  converge  in  two  to  three  trials. 

The  ultimate  or  collapse  deflection  can  be  computed  if  the  relation  between 
moment  and  rotation  and  the  distribution  of  moment  along  the  length  of  the  beam 
are  known.  12  A  typical  relation  between  moment  and  rotation  fpr  a  section  of  o 
concrete  beam  is  shown  in  Figure  18a.  The  values  of  <0y ,  My,  and  My  were  comptit* 
with  the  use  of  Equations  13c,  17,  and  18,  respectively. 

The  relationship  for  was  determined  from  the  strain  distribution  over  the 
beam  cross  section  at  ultimate -moment  capacity.  With  reference  to  Figure  2  or 


(19a) 


Combining  Equation  19a  with  Equations  9b  and  18d, 


0 


u 


guk1k3 

qd 


(19b) 


The  distribution  of  moment  at  ultimate-load  capacity  clong  the  length  of  a 
simply  supported  beam  under  a  uniform  load  is  shown  in  Figure  18b.  The  length  of 
the  yield  hinge,  aL,  is  given  by!3 


aL 


09c) 


The  distribution  of  curvature  along  a  simply  supported  beam  under  a  uniformly 
distributed  ultimate  load  (Figure  19)  is  found  by  combining  the  diagrams  shown  in 
Figure  18.  For  the  distribution.of  curvature  shown  in  Figure  19,  the  mid-span 
deflection  at  ultimate-load  capacity  is 

2  2 

yu  =  ISO  C<0y  00 ' 14a  +  5  “  >  +  %  ( 24a  -  10«  09) 

and  the  deflection  at  the  quarter-span  is 

>u  ■  §5  H['  -  W^)]  +  «  K  -  fey)}  <*> 

Two  simplifying  assumptions  were  made  in  Figure  19:  (1)  The  shape  of  the 
curvature  diagram  in  the  outer  portions  of  the  beam  where  M  <  My  has  little  influence 
on  the  mid-span  deflection.  ^  Therefore,  the  actual  parabolic  distribution  of  curva 
tus  3  can  be  replaced  by  a  straight  line;  (2)  The  shape  of  the  curvature  diagram  In  the 
plestic  yield  range,  0  L,  can  be  adequately  described  by  a  4th-degree  parabola.  This 
shope  was  found  to  give  the  best  agreement  between  the  experimental  and  calculated 
ultimate  deflection  at  both  the  mid-point  and  quarter-point  of  the  span.  Other  shapes 
predicted  the  ultimate  deflection  at  mid-span  but  not  at  the  quarter-point  of  the 
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Unit  Rototion,  4> 
a)  Moment-rotation  diagram 


b)  Distribution  of  moment 


Figure  18  Moment-rotation  diagram  and  distribution  of  moment. 


Figure  19.  Distribution  of  curvature  for  a  simple  becm  at  ultimate  load. 


The  effecrive  prest"ain  in  the  concrete,  ece,  was  neglected  in  the  theoretical 
analysis  of  the  P/C  beams.  This  simplifies  the  analysis  and  does  not  introduce  signifi 
cant  inaccuracies  since  cce  is  very  small  compared  to  the  crushing  strc:i  of  the  cc-nc; 

Dynamic  Tests 

The  effect  of  viscous  damping  on  beam  response  can  be  derived  f'om  c  ‘inear 
single-degree-of-freedom  system  with  a  viscous  damper  in  parallel  with  a  spring. 

The  motion  of  the  mass  in  the  elastic  range  [y  (t)  £  yy]  when  subjected  to  a  peak- 
triangular  load  pulsr  is 


«(«Vi  V*)] 


A  close  app'oximation  for  the  time,  t^,  when  the  mass  will  reach  its  initial  maximum 
deflection  is 

t  =  V  (21b) 

m  jl 

By  combining  The  above  equations  and  assuming  that  Tn  =  Tncj  (i.  e. ,  Vl  2=1), 
the  dynamic  load  factor,.  D.  L.  F.,  can  be  expressed  as  follows  if  ym  <  yy  and  tm  <  Ta 


Then  the  maximum  dynamic  deflection  is 


-  d-l-f-  (B 


The  maximum  dynamic  def lectiofr  of  the  beams  was  computed  from  Equations  21c  und  21. 
The  results  are  compared  with  the  experimental  values  in  Table  VH. 


Resistance,  r  (kips  per  (t) 


Figure  20.  Idealized  resistance  diagram  for  four  types  of  beams. 
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DISCUSSION 


Static  Tests 

The  individual  and  relative  static  behavior  of  the  R/C  and  P/C  karris  was 
observed  in  terms  of  the  shape  of  the  resistance  diagram,  service  load  deflect 
ultimate-load  capacity,  ultimate  deflection,  bond  strength,  and  crack  petie. 

Much  of  this  information  is  summarized  in  Figure  20  which  shows  the  idealized 
resistance  diagram  for  the  two  types  of  P/C  beams  and  the  R/C  '  earns.  Ti  e  curves 
were  plotted  from  the  average  values  listed  in  Table  III.  Also  included  v.  Figure  20 
is  the  idealized  resistance  diagram  obtained  from  tests  of  uniformly  loaded  R/C  beams 
reinforced  with  intermediate-grade  steel.  ^  This  curve  provides  an  interesting  com¬ 
parison  betv/een  the  behavior  of  R/C  beams  reinforced  with  different  grades  of  =  teel. 

Shape  of  Resistance  Diagram.  In  the  stage  below  cracking,  both  beams 
exhibited  a  linear  relationship  between  load  and  deflection.  First  cracking  of  the 
concrete  in  the  P/C  beams  occurred  at  a  considerably  higher  load  and  smaller 
deflection  because  of  the  action  of  the  prestress.  Thus,  the  high-strength  bars  in 
the  P/C  beams  were  more  efficiently  utilized.  It  is  interesting  to  note  that  almost 
doubling  the  effective  prestress  only  increased  the  cracking  load  about  18  percent 
(Figure  20). 

After  first  cracking,  the  stiffness  of  both  beams  was  gradually  reduced  until 
the  fully  cracked  section  was  developed.  Beyond  this  stage  of  loading,  the  post¬ 
cracking  stiffness  of  both  beams  was  approximately  the  same  until  the  yield  stress 
of  the  tension  steel  was  exceeded. 

The  yield  resistance  of  each  type  of  beam  was  approximately  the  same,  but 
the  yield  deflection  of  the  P/C  beams  was  considerably  less,  depending  upon  the 
effective  prestress  level.  By  developing  an  effective  prestress  of  41,000  psi,  the 
yield  deflection  was  reduced  by  50  percent  (see  Figure  20\  Thus  the  useful  energy- 
absorbing  capacity  was  higher  in  the  inelastic  range  for  the  P/C  beams  than  for  i!,„ 
R/C  beams. 

Beyond  the  point  of  first  yielding,  the  load  increased  only  slightly,  as 
deflection  increased,  until  the  point  of  ultimate  load  was  reached.  The  ultimate- 
load  and  collapse  deflection  of  both  types  of  beams  were  approximately  the  same. 

In  other  words,  the  effect  of  prestress  on  the  ultimate-load  and  deflection  capacity 
was  negligible.  All  beams  failed  in  flexure,  and  failure  was  gradual  and  gentle. 

Design-Load  Deflections.  It  was  previously  shown  in  the  discussion  on  cracks 
and  deflections  that  the  feasibility  of  using  high-strength  reinforcing  bars  in  blast- 
resistant  design  may  depend  upon  the  deflection  criterion  established  for  static  service 
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loads.  Whether  a  given  beam  would  meet  this  deflection  criterion  was  found  to  depend 
upon  the  ratio  between  the  yield  resistance  itquired  to  resist  the  imtc  od  blast  load¬ 
ing  and  the  static  service  load.  These  parameters  were  found  to  be  reiui*-c!  by 
Equation  13  and  were  plotted  in  Figure  10.  In  the  following,  Figure  10  i;  c-.npared 
with  experimental  data.  From  Figure  20  for  beam  No.  2 

p  =  1.14%,  fy  =  92  ksi,  ry  =  2. 37  kips/ft, -j-  =  — -  17.4 
From  Figure  10,  to  limit  the  static  deflections  to  1/360  requiies  that 

M.L.F.  =  2.8,  for—-  =  15  and  f  =  90  ksi 
d  y 


Therefore,  for  beam  No.  2  in  Figure  20 

M.L.F.  =  2.8(^)||  =  3.32 

Thus,  to  limit  the  mid-span  deflection  to  less  than  L/360,  the  static  service  load 
must  not  exceed 


w 

s 


M.  L.  F. 


2.37 

3.32 


0.71  kips/ft 


From  Figure  20,  at  ws  =  0.71  kips/ft 


w 
s 

ys  =  K 


0.71 

1.48 


0.48  inches 


which  agrees  well  with  the  deflection  criterion  of 


_L_ 

360 


174 

360 


0.48  inches 
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Thus,  assuming  that  the  resistance  diagram  shown  in  Figure  20  (beam  No.  2)  has  the 
proper  strength  and  ductility  to  resist  the  imposed  blast  load,  the  design  ’s  sufficient 
if  the  anticipated  static  service  loads  will  be  less  than  w$.  If  not,  rha  tension  steel 
must  be  prestressed  or  more  steel  and/or  a  deeper  beam  section  used. 

Repeating  the  same  procedure  for  the  beam  reinforced  with  interra^dir'  >-grade 
steel  (beam  No.  4,  Figure  20), 

p  =  1.55%,  f  =  49ksi,  r  =  1 . 96  kips/ft, -j  =  =  16.6 

y  y  r '  d  10.5 

From  Figure  10, 

M.L.F.  =  1.34,  fork  =  15  and  f  =  40  ksi 
d  y 

Therefore  for  beam  No.  4, 

M.L.F.  -  l-34(!f^)|  =  1.82 

Thus, 

w^  =  =  1.08  kips/ft  ^maximum  allowable  for  y^  < 

From  Figure  20,  at  ws  =  1.08  kips/ft, 

ys  "  T  "  2748  "  0,44  ,nches 

which  agrees  with  the  deflection  criterion  of 

360  =  360  =  0#48  mches 
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It  was  assumed  in  the  previous  calculations  that  the  deflection  criterion  was  L/360. 
However,  as  shown  by  Eiquation  13,  the  designer  may  compute  the  minimum  yield¬ 
load  factor  or  maximum-allowable  static  service  load  for  any  other  dsfh  ction 
criterion  by  direct  proportion. 

Ultimate-Load  Capacity.  All  beams  failed  by  initial  yielding  of  tiv>  Unslon 
steel  followed  by  eventual  crushing  of  the  concrete  in  compression.  The  corn  ete 
crushed  at  an  average  limiting  strain  of  0.004  in. /in.  In  some  of  the  testr.,  greatest 
destruction  of  the  concrete  occurred  eiiher  to  the  left  or  fight  of  mid-spar,  where  the 
spacing  of  the  ties  was  greatest.  This  behavior  supports  the  requirement  frat  the 
compression  steel  be  well  tied  with  closely  spaced  ties  in  regions  of  high  moment. 

This  will  reduce  the  effective  buckling  length  of  the  compression  steel  and  contain 
the  concrete  at  collapse  of  the  beam. 

The  maximum  stress  developed  in  the  tension  steel  (108,000  psi)  was  approximately 
the  same  for  the  P/C  and  R/C  beams.  This  is  to  be  expected  since  the  strains  were  in 
the  inelastic  region  of  the  stress-strain  curve  (Figure  12).  In  this  region  there  is  little 
change  in  stress  for  large  variations  in  strain.  The  measured  maximum  steel  strains  at 
collapse  (1.35  to  1.50  percent)  shown  in  Appendix  A  agree  reasonably  well  with  the 
values  predicted  by  Figure  8  if  the  computed  reinforcing  index  (0. 14  to  0. 16)  given 
in  Table  VI  is  used.  The  maximum  stress  in  the  compression  steel  was  generally  reached 
at  first  yielding  of  the  tension  steel  and  remained  fairly  constant  until  the  concrete 
crushed  in  compression.  The  maximum  stress  in  the  compression  steel  (Figures  A1-A10) 
compares  well  with  the  values  predicted  from  Figure  6. 

The  ultimate-load  capacity  of  each  type  of  beam  was  predicted  with  reasonable 
accuracy  by  the  ultimate-strength  theory  (see  Table  VI  for  values).  Evidently,  the 
classical  assumptions  used  in  the  ultimate-strength  theory  for  the  analysis  of  flexural 
failures  can  be  satisfactorily  applied  to  beams  reinforced  with  high-strength  steels. 

Figure  20  shows  an  interesting  comparison  between  the  ultimate  strength  of 
R/C  beams  reinforced  with  different  grades  of  steel.  Approximately  32.5  percent 
more  resistance  was  gained  with  36. 0  percent  less  high-strength  steel. 

It  is  commonly  assumed  that  the  effectiveness  of  reinforcement  in  strengthening 
a  concrete  member  is  almost  proportional  to  the  product  of  bar  area  and  yield  stress, 

Ajfy .  The  accuracy  of  this  assumption  can  be  demonstrated  by  comparing  beams  No.  2 
ana  4  shown  in  Figure  20.  The  ratio  of  high-strength  to  intermediate-grade  steel  neces¬ 
sary  to  produce  the  relative  ultimate  resistance  of  these  two  R/C  beams  was 

AH  H 

s  _  area  of  high-strength  steel  _  0. 88  _  0  A7  f  JJ_  _  2.82  _  .  „ 

^1  area  of  intermediate-grade  steel  1.32  *  '  or  2.18 
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Theoretically,  to  develop  the  same  relative  resistance,  the  ratio  should  be 


H  H  I 

_[u_  A\  =  2.82  / 49, 000\ 

J  I  \,H/  2.18  \92, 000/ 

A  r  f 


0.69 


Therefore,  the  accuracy  of  this  assumption,  as  demonstrated  above,  rermiis 
economies  of  high-strength  steels  to  be  compared  in  terms  of  costs  per  ton  per  psi 
yield  stress.  This  comparison  was  made  and  it  was  found  that  the  relative  reinforce¬ 
ment  cost  per  kip  of  load-carrying  capacity  for  a  90, 000-psi-yield-point  steel  is 
58  percent  of  that  for  intermediate-grade  steel.  ^ 

Ultimate  Deflection.  The  ultimate  deflection  of  the  R/C  and  P/C  beams  was 
approximately  the  same,  regardless  of  the  level  of  prestress  (Figure  20).  The  measured 
ultimate  deflection  at  the  mid -span  and  quarter-span  of  the  beam  compared  well  with 
the  values  predicted  by  Equations  19  and  20,  as  shown  in  Table  VI. 

Equations  19  and  19b  lead  to  some  interesting  conclusions  concerning  the 
ultimate  deflection  of  uniformly  loaded  R/C  and  P/C  beams.  The  ultimate  deflection 
increases  with  a  decrease  in  the  reinforcing  index,  q.  Therefore,  lowering  the 
reinforcing  index  will  not  only  assure  "under-reinforced"  beam  behavior  but  will 
increase  the  deflecting  capacity  of  beams.  This  point  is  demonstrated  in  Figure  20; 
beam  No.  4  with  the  smallest  q  had  the  largest  ductility  and  beam  No.  1  with  the 
largest  q  had  the  smallest  ductility.  The  reinforcing  index  may  be  lowered  and 
proper  amounts  of  ductility  "built  into"  beams  by  adding  sufficient  quantities  of 
compression  steel,  as  shown  by  Equation  1. 

A  major  contributor  to  ultimate  deflections  of  beams  the  rotation  of  the 
beam  within  the  length  of  the  yield  hinge  (see  Figure  19).  Greater  hinge  lengths 
will  produce  greater  ultimate  deflections.  The  length  of  the  yield  hinge,  at, 
increases  with  an  increase  in  the  ratio  of  the  ultimate  to  yield  resistance,  r^/ry, 
of  beams.  This  ratio,  in  turn,  will  depend  primarily  on  the  stress-strain  character¬ 
istics  of  the  tensile  reinforcement.  The  ratio  will  be  small  for  reinforcement  having 
"flat-top"  stress-strain  characteristics,  as  demonstrated  by  the  resistance  diagram  of 
beam  No.  4  (Figure  19).  It  follows,  therefore,  tha;  the  length  of  the  yield  hinge 
will  be  relatively  short  for  this  case.  The  ratio  r^ry  will  be  larger  if  tension  rein¬ 
forcement  has  limited  "fiat'-top"  stress-strain  characteristics,  similar  to  that  used  in 
this  investigation  (see  Figure  20,  beams  No.  1,  2,  and  3).  For  this  case,  the  unit 
rotational  capacity  of  the  beam  may  be  less  than  for  a  "flat-top"  steel,  but  the  yield 
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hinge  will  be  considerably  longer.  Thus  a  steel  with  limited  "flat-top"  stress-strain 
characteristics  could  develop  ultimate  deflections  comparable  with  those  obtained 
with  mild-sh  el  reinforcement.  The  relative  importance  of  each  of  these  variables 
deserves  further  study. 

Bond  and  Cracks.  The  bond  strength  of  the  bars  was  sufficient  u,  develop  tensile 
steel  stresses  as  high  as  108,000  psi  at  mid-span.  Even  at  these  high  stresses,  the 
cracks  along  the  span  were  uniform  and  closely  spaced  (see  Figures  Ci-C5),  ‘ndicating 
that  the  bond  between  the  steel  and  concrete  was  not  severely  affected. 

Care  must  be  exercised  in  comparing  the  crack  distribution  of  the  beams  shown 
in  Appendix  C  since  some  of  the  beams  experienced  maxjmum  dynamic  deflections  far 
in  excess  of  the  static  collapse  deflection  (see  yam  in  Table  IVa).  However,  in 
general,  cracking  in  the  P/C  beams  was  less  severe  than  in  the  R/C  beams,  as  would 
be  expected. 

The  height  of  the  flexural  cracks  indicates  that  the  yield  hinge  extended  over 
a  considerable  portion  of  the  span.  Based  on  Equation  19c,  the  average  length  of 
the  yield  hinge  for  both  the  P/C  and  R/C  beams  was  69  inches  or  40  percent  of  the 
;pan.  This  is  approximately  the  hinge  length  indicated  by  the  crack  distribution 
shown  in  Appendix  C,  particularly  for  the  beams  which  experienced  cumulative 
maximum  deflections  not  too  much  greater  than  the  collapse  deflection. 

Dynamic  Tests 

The  individual  and  relative  dynamic  performance  of  the  two  typos  of  beams 
was  observed  in  terms  of  maximum  response,  rebound  and  damping  characteristics, 
resilience,  and  multiple-shot  damage.  Each  of  these  phenomena  are  discussed  in 
the  following  paragraphs. 

Maximum  Response.  For  a  given  load,  the  R/C  and  P/C  beams  experienced 
larger  deflections  when  loaded  dynamically  (see  Figures  81  and  B2).  The  maximum 
dynamic  deflections  were  greatest  for  the  R/C  beams.  However,  the  ratio  of  the 
dynamic  to  static  deflections  (D.  L.  F. )  was  greater  for  the  P/C  beams  for  a  given 
medium-duration  load  level.  This  phenomena  is  attributed  to  the  smaller  natural 
period  and,  therefore,  greater  ratio  (T/Te)  of  effective  load  duration  to  natural 
period  for  the  P/C  beams. 

The  maximum  dynamic  load-carrying  capacity  of  both  types  of  beams  was 
approximately  the  same.  This  is  to  be  expected  since  most  of  the  experimental 
points  in  Figure  B2  near  the  collapse  deflection  correspond  to  P/C  beams  which 
had  lost  their  effective  prestress  from  large  deflections  in  previous  tests.  Having 
lost  their  effective  prestress,  the  P/C  beams  had  approximately  the  same  stiffness 
and  energy-absorbing  capacity  as  the  R/C  beams.  Therefore,  the  dynamic  response 
of  such  a  P/C  beam  should  be  similar  to  the  response  of  the  R/C  beams. 
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Under  a  short-duration  load  both  beams  experienced  maximum  dynamic  deflections 
which  were  considerably  less  than  the  corresponding  deflections  produced  oy  the  same 
load  level  of  medium  duration  (Figures  B1  and  B2). 

Table  VI!  shows  that  the  elastic  response  of  both  types  of  beams  can  be  pr-dicted 
by  assuming  a  spring-mass  system  if  the  proper  amount  of  viscous  damping  i;  coi  idered. 
The  excellent  agreement  between  the  experimental  and  theoretical  results  shown  in 
Table  VII  suggests  that:  (1)  damping  in  stressed  concrete  ran  be  -idequately  represented 
by  viscous  damping,  (2)  the  beam  experiences  the  same  amount  cf  dompinc  before  and 
after  the  time  of  initial  maximum  response,  therefore,  (3)  the  amount  of  damping  can 
be  measured  by  the  rate  of  decay  in  the  free  beam  oscillations  after  initial  maximum 
response,  and  (4)  the  elastic  stiffness  of  a  concrete  beam  does  not  increase  under 
dynamic  loads. 

Rebound.  None  of  the  beams  rebounded  under  a  medium-duration  load.  The 
short-duration  loads  caused  beams  of  both  types  to  rebound  (rise)  off  their  simple 
supports.  Figure  B3  shows  the  extent  of  rebound  for  a  P/C  beam.  The  negative 
deflections  were  as  large  as  1/4  inch  and  1/2  inch  at  the  mid-span  and  supports, 
respectively. 

The  probability  of  a  beam  rebounding  under  dynamic  loads  appeared  to  be 
primarily  a  function  of  the  amount  of  damping  and  the  ratio  of  effective  load  duration 
to  natural  period,  Te/Tn .  The  beams  rebounded  under  load  durations  as  high  as 
Te/Tn  -•  1.7  when  the  viscous  damping  factor,  0,  was  less  than  15  percent.  In 
comparison,  beam  R7-1  which  had  an  effective  load  duration  of  Tg/Tn  =  1.4  but  a 
damping  factor  of  20  percent  did  not  rebound.  This  comparison  shows  that  the  prob¬ 
ability  of  rebound  depends  not.  only  on  the  ratio  of  effective  load  duration  to  natural 
period  but  also  the  amount  of  damping.  This  conclusion  supports  the  findings  of  other 
investigators.  ^ 

Damping.  The  damping  capacity  of  materials  is  an  important  property  in  an 
engineering  analysis  or  design  involving  the  dynamic  response  of  a  structural  system. 
Large  amounts  of  damping  can  be  important  in  controlling  excessive  vibrations  from 
vibrating  machinery  or  in  controlling  the  response  of  a  structural  member  subjected 
to  a  blast  load  or  an  earthquake.  Small  amounts  of  damping  are  important  in  that  it 
increases  the  probability  of  a  beam  rebounding  (deflecting  in  a  negative  direction) 
under  short-duration  blast  loads.  ^ 

The  effects  of  damping  on  the  dynamic  response  of  a  structural  system  are 
generally  accounted  for  by  assuming  viscous-type  damping.  The  classical  assumption 
is  that  the  actual  (non-linear)  system  can  be  approximated  by  o  linear  system  with 
viscous-type  damping  where  the  damping  force  is  proportional  to  velocity.  However, 
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some  investigators  indicate  that  damping  is  often  greatly  affected  by  amplitude  of 
stress.  15/ 16  |n  any  case,  knowledge  of  the  mechanism  of  damping  and  the  parameters 
which  influence  it,  as  aoplied  to  structural  systems  such  as  concrete  beams,  is  meager 
and  deserves  further  study. 

Measurements  of  damping  may  vary  widely  depending  upon  the  muteriai,  method 
of  measurement,  and  the  test  procedure.  Therefore,  measurements  should  b-.  taken 
under  circumstances  which  closely  resemble  those  for  which  the  ir.format:on  .>  needed. 

In  this  respect,  it  could  be  expected  that  the  values  of  damping  listed  if  Table  IVc 
are  representative  of  the  amount  of  damping  experienced  by  beams  under  blast  loading. 
However,  caution  must  be  exercised  because  large  amounts  of  damping  may  be  attri¬ 
buted  to  the  support  conditions,  seal  friction,  and/or  friction  from  the  beam  rubbing 
against  the  simulator  walls. 

The  measured  damping  factor,  jS,  was  unusually  high,  particularly  for  the 
R/C  beams,  and  the  spread  is  large.  The  damping  factor  ranged  between  10  and 
28  percent  (Table  IVc).  Under  medium-duration  loads  the  elastic  damping  factor 
for  the  R/C  beams  (20  percent)  was  almost  twice  as  great  as  for  the  P/C  beams 
(11  percent).  Also,  the  damping  factor  increased  as  the  load  duration  increased 
for  the  R/C  beams.  Whether  this  phenomenon  Is  due  to  the  higher  average  stress 
at  which  the  beuiVi  vibiaied  when  under  trie  medium-duration  load  deserves  further 
study.  The  largest  damping  factor  for  both  types  of  beams  (24  to  28  percent)  was 
measured  when  the  maximum  dynamic  deflection  was  in  the  plastic  range  of  response; . 

i*e*'ym>yy 

The  effects  of  concrete  cracking,  stress  level,  and  the  neoprene  seal  on  the 
damping  factor  are  further  illustrated  by  the  results  of  the  vibration  tests  (Table  JVc). 
Beams  R3  (test  1)  and  P3,  both  uncracked  and  with  the  neoprene  seal-over  each,  had 
approximately  the  same  damping  factor  of  3  percent.  However,  boams  R3  (test  3) 
and  R8-1,  both  cracked  and  with  the  seal  only  over  beam  R8~l,  had  the  same  damping 
factor  of  6  percent.  Comparison  of  these  beams  suggests  that  the  seal  had  only  a 
mine  influence  on  damping,  and  that  damping  increase*,  with  the  degree  cf  crocking. 

The  affect  of  stress  level  on  damping  is  illustrated  by  the  results  of  the  vibration  test 
on  beam  R3  (test  2),  The  damping  factor  almost  quadrupled  when  the  beam  was 
vibrated  under  a  static  pressure  of  5  psi.  Apparently,  concrete  damping  increase: 
because  stress  level  and  degree  of  cracking  cause  increased  dissipation  of  energy. 

Resilience  and  Multiple-Shot  Damage.  Resilience  and  multiple-shot  damage 
are  interrelated.  A  beam  which  exhibits  a  very  high  capacity  for  recovery,  even 
at  deflections  near  incipient  collapse,  can  absorb  approximately  the  same  amount 
of  energy,  regardless  of  how  many  times  it  is  loaded. 14  The  resilience  and  multip!— 
shot  damage  of  the  R/C  and  P/C  beams  are  illustrated  in  Figures  B4  and  B5,  respectively. 
Complete  damage  is  arbitrarily  defined  by  crushing  of  the  concrete  in  compression  and 
corresponds  to  a  limiting  cumulative  maximum  deflection,  yQm,  of  4.0  inches. 
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To  illustrate  the  use  of  the  damage  curves,  consider  the  curve  for  the  :,/'C  beams 
(Figure  B5).  The  curves  indicate  that  if  the  first  "shot"  on  the  P/C  beam  is  r,  medium- 
duration  load  with  a  peak  load  of  2.00  kips/ft  (indicated  by  an  arrow  in  th-  figure), 
the  post-shot  deflection  will  be  about  10  percent  of  the  collapse  deflection.  Therefore, 
if  complete  damage  (100  percent)  of  the  P/C  beam  were  desired  on  the  secv.id  "  { at, " 
the  maximum  deflection  would  have  to  be  100  percent  minus  10  percent  —  oi  90  percent 
of  the  collapse  deflection.  Figure  B5  shows  that  the  medium-duration  load  corresponding 
to  a  maximum  deflection  of  90  percent  of  collapse  is  2.48  kir/ft. 

It  is  interesting  to  note  from  Figure, B5  that  regardless  of  the  number  of  "shots" 
with  a  peak  load  less  than  about  1.4  kips/ft,  the  P/C  beams  will  have' no  permanent 
damage.  In  comparison,  Figure  B4  indicates  that  for  peak  loads  less  than  about 
0.5  kips/ft,  the  R/C  beams  will  have  no  permanent  damage. 

The  resilience  of  a  beam  is  related  to  its  ductility.  Each  of  these  factors,  in 
tjrn,  is  dependent  upon  the  magnitude  of  the  prestress,  the  reinforcing  index,  and 
the  stress-strain  characteristics  of  the  reinforcing  steel.  Beam  tests  indicate  that  one 
of  the  main  advantages  of  using  P/C  beams  in  blast-resistant  structures  is  a  high 
capacity  for  recovery,  with  85-  to  ?0-percent  recoverability  at  incipient  collapse.  ^ 
Other  beam  tests  indicate  that  P/C  beams  exhibit  considerable  capacity  for  recovery, 
whereas  R/C  beams  have  little  capacity  for  recovery  but  a  high  capacity  for  absorbing 
energy  by  permanent  deformation. 17  The  author  feels  that  P/C  beams  generally 
exhibit  greater  recoverability  and  less  ductility  than  R/C  beams  not  only  because  of 
the  action  of  the  prestress  but  also  because  the  stress-strain  characteristics  of  th? 
reinforcement  and  the  magnitude  of  the  reinforcing  index  for  the  two  types  of  concrete 
beams  are  generally  different.  The  relative  importance  of  each  of  these  variables  on 
the  resilience  and  ductility  of  a  concrete  beam  deserves  further  study. 


FINDINGS  AND  CONCLUSIONS 

Caution  should  be  exercised  in  applying  the  following  findings  and  conclusions 
to  P/C  beams  in  general  because  the  level  of  prestress,  size  of  the  reinforcement,  and 
the  stress-strain  characteristics  of  the  steel  used  in  this  investigation  are  not  generally 
found  in  practice. 

Theory 

Results  of  the  theoretical  study  on  the  use  of  high-strength  steels  as  reinforcement 
in  concrete  beams  indicates  that: 
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1.  The  reinforcing  index  should  not  exceed  the  valun  given  by 

q  =  0.510  -  (1. 9f  +22f')10"6  (5) 

y  c 

for  concrete  beams  reinforced  with  steels  having  a  well-defined  yield  stress  and 
adequate  ductility, 

2.  The  amount  of  tensile  steel  that  can  be  used  in  a  concrete  beam  depends 
upon  the  yield  strength  of  the  steel,  the  concrete  strength,  and  the  amount,  location 
and  yield  strength  of  the  compression  steel. 

a.  For  beams  with  no  compression  steel,  the  tensile  steel  ratio  should 
never  exceed 


y 


The  value  of  pQ  may  be  determined  directly  from  Figure  7. 

b.  For  beams  with  compression  steel,  the  tensile  steel  ratio  should  never 
exceed 

Pa  =  Pa  +  P'(t)  (11) 

y 

where  P  /f  *  f'/f 
si/  y  /  y 

The  value  of  pa  and  fj^/fy  may  be  determined  directly  from  Figures  7 
and  8,  respectively. 

3.  The  maximum  strain  in  the  compression  steel  Is  generally  so  low,  except 
for  very  deep  beams,  that  the  additional  strength  offered  by  high-strength  stools 
cannot  be  utilized  before  the  concrete  crushes  in  compression.  Therefore,  in  specie! 
cases,  it  may  be  more  economical  to  use  two  different  grades  of  steel,  i.e.,  i.Ig'n- 
strength  steel  for  tensile  reinforcement  and  intermediate  or  structural  grade  for 
compression  reinforcement.  However,  in  general,  if  may  be  more  economical  to 
make  all  steel  of  the  same  type,  since  this  will  reduce  construction  problems. 
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4.  The  amount  of  compression  steel  and  its  location  in  a  beam  has  relatively 
little  effect  upon  ultimate  load  but  a  large  effect  upon  beam  ductility.  l'or  beams 
designed  to  withstand  large  plastic  deflections,  the  designer  should  moke  d'/d  as 
small  as  practicable  in  order  to  gain  the  greatest  advantage  from  comprc-sion  steel. 
When  computing  collapse  deflections  the  stress  in  the  compression  stee!  at  ultimate 
moment  can  be  estimated  from  Figure  6. 

5.  For  the  practical  range  of  the  reinforcing  index  generally  required  in 
blast-resistant  design  (q  <;  0,  2),  the  tensile  reinforcemei1  •  should  be  capable  of 
elongating  at  least,  10  percent. 

6.  The  feasibility  of  using, high-strength  stee!  in  blast  design  may  often  depend 
upon  the  cracks  and/or  deflection  criterion  for  static  service  loads.  A  beam  will 
meet  the  deflection  criterion,  l/N,  if  the  ratio  between  the  static  yield  resistance 
required  to  withstand  the  imposed  blast  loading,  ry,  and  the  static  service  load,  wJ# 
is  less  than  the  minimum  yield-load  factor,  M.  L.  r.,  given  in  Figure  lO  and 
Equation  13.  The  M.  L.  F.  increases  with  the  yield  strength  of  the  tensile  steel, 
tensile  steel  ratio,  span-to-depth  (L/d)  ratio,  and  deflection  criterion  (L/N)  and 
decreases  with  the  effective  prestress  level  fse*  However,  in  general,  the  greater 
the  ratio  ry/ws  (i.e. ,  the  greater  the  blast  pressure)  the  more  feasible  it  becomes  to 
use  high-strength  steels  in  unprestressed  concrete. 

Tests 


Results  of  the  static  and  dynamic  testing  of  eight  prestressed  and  eight 
conventionally  reinforced  concrete  beams  utilizing  high-strength  (fy  =  92,000  psi) 
chromium-aiioy  steel  bars  indicates  that: 

1.  The  static  yield  resistance  of  the  l/C  and  P/C  beams  was  approximately 
the  same  but  the  static  yield  deflection  of  the  P/C  beams  y/ai  reduced  considerably, 
depending  upon  the  level  of  prestress.  The  yield  resistant  and  deflection  of  both 
types  of  beams  car.  bo  predicted  by  Equation  17  and  13a,  respectively. 

2.  The  ultimate  resistance  and  collapse  deflection  of  both  types  of  beams  Wu> 
approximately  the  same  and  can  be  predicted  by  Equation  18  and  19,  respectively, 
if  the  ii.css-strain  characteristics  of  the  tensile  steel  are  known. 

3.  Increasing  the  effective  prestress  from  0  to  25,000  psi  increased  the  cracking 
load  450  percent  and  decreased  the  yield  deflection  39. 1  percent. 

4.  The  static  service  load  corresponding  to  a  limiting  deflection  of  1/360  for 
the  test  beams  compared  well  with  the  value  predicted  from  Figure  10. 
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5.  Thj  cracks  along  the  span  of  the  R/C  and  P/C  beam:  were  uniformly 
distributed  and  closely  spaced,  indicating  that  the  bond  between  st>ici  t;  J  concrete 
was  not  severely  affected. 

6.  A  viscously  damped  spring-mass  system  may  be  used  to  predict  the  m-'-imum 
dynamic  response  of  the  R/C  and  P/C  beams  in  the  elastic  range  if  the  cor  ec.  mount 
of  damping  is  employed. 

/.  The  damping  factor  for  the  beams  ranged  between  10  percer'  an!  28  percent. 
Under  medium-duration  loads  the  elastic  damping  factor  for  the  R/C  beams  (20  percent) 
was  almost  twice  that  of  the  P/C  beams  (11  percent).  Damping  was  about  43  percent 
greater  under  medium-duration  loads  than  under  shen -duration  loads. 

8.  The  probability  of  rebound  under  dynamic  loads  increases  with  a  decrease 

in  the  ratio  of  load-duration  to  natural  period  and/or  a  decrease  in  the  damping  factor. 
Both  types  of  beams  rebounded  under  load -durations  of  0.  14  seconds  wl;sn  the  damping 
factor  was  less  than  15  percent. 

9.  The  resilience  of  the  P/C  beams  was  superior  to  the  R/C  beams  when  the 
maximum  dynamic  deflection  was  less  than  the  cracking  deflection.  However,  the 
resilience  of  both  types  of  beams  was  approximately  the  same  for  large  inelastic 
deflections. 
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SYMBOLS 


a  = 


d  = 


d'  = 


D.L.F.  = 


acceleration 

depth  of  compression  *.one  in  concrete  at  ultimate  moment 

th 

displacement  amplitude  of  the  n  cycle  of  oscillation 
displacement  amplitude  of  the  n  +  1  cycle  of  c.  '-'iiation 
area  of  tension  steel 
area  of  compression  steel 
width  of  rectangular  beam 

effective  peak  dynamic  load  of  the  equivalent  linearly  decaying  load 
pulse  —  found  by  passing  a  straight  line  through  the  point  corresponding 
to  tm  on  the  experimental  pressure-time  curve  and  adjusting  the  slope 
until  the  areas  under  each  curve  are  equal  up  to  time,  tm 

distance  from  centroid  of  tension  steel  to  compression  face  of  beam 

distance  from  centroid  of  compression  steel  to  compression  face  of  beam 

dynamic  load  factor 

secant  modulus  of  elasticity  of  concrete  corresponding  to  O.Ot : 

c 

tangent  modulus  of  elasticity 

compressive  stress  in  extreme  fiber  of  concrete 

compressive  strength  of  6-  x  12-inch  concrete  cylinders 

stress  in  tension  steel 

stress  in  compression  steel 

effective  prestress  in  tensile  steel 

stress  in  tensile  steel  at  ultimate -moment  capacity 


P  =  stress  in  compression  steel  at  ultimate-moment  capacity 
f  =  tensile  strength  of  concrete 

f  =  static  yield  stress  of  tensile  steel  corresponding  to  e  =  10  J  in.  /in./*ec 
P  =  static  yield  stress  of  compression  steel 
f  j  =  dynamic  yield  stress  of  tensile  steel 
F  -  apparent  strain  compatibility  factor 
h  =  depth  of  beam 

I  =  moment  of  inertia  of  uncracked  transformed  section  (elastic  theory) 

k  =  coefficient  defining  location  of  neutral  axis  of  cracked  transformed 
section  (elastic  theory) 

k'  =  coefficient  defining  location  of  centroidal  axis  of  uncracked  transformed 
section  (elastic  theory) 

kjkg  =  coefficient  defining  overage  stress  in  compression  zone  of  concrete  at 
ultimate  moment 

kg  =  coefficient  defining  position  of  compression  force  in  concrete  at  ultimate 
moment 

K  =  stiffness  of  beam 

L  -  clear  span  of  beam 

M  =  moment 

M  =  ultimate  moment 
u 

M  =  yield' moment 

y 

M.  L.  F.  =  minimum  yield-load  factor 
n  =  E =  modular  ratio 
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N  = 


P  = 
P'  = 
Pq  = 

c 

P„  = 


Pb 

c 

Pb 


q  = 

%  = 

%  = 
r  = 

r  = 


r  = 

y 

t  = 

t  = 
m 

T  = 

T  = 


a  constant  describing  the  ratio  between  the  span  length  and  the  maximum- 
allowable  service  load  deflection 

A ^/bd  =  tensile  steel  ratio 

A^/bd  =  compression  steel  ratio 

maximum-allowable  tensile  steel  ratio  for  beam  with  no  compression  steel 

maximum-allowable  tensile  steel  ratio  for  beam  with  compression  steel 

balanced  tensile  steel  ratio  for  beam  with  no  compression  steel 

balanced  tensile  steel  ratio  for  beam  with  compression  steel 

(pf  -  p'f  )/f'  =  reinforcing  index 

maximum-allowable  reinforcing  index 

balanced  reinforcing  index 

static  load  or  resistance 

static  cracking  load  or  cracking  resistance 

static  ultimate  load  or  ultimate  resistance 

static  yield  load  or  yield  resistance 

time  measured  from  beginning  of  load-application 

time  required  for  beam  to  reach  initial  maximum  deflection 

load  duration  of  applied  load 

effective  load  duration  of  the  equivalent,  jinearly  decaying;  load  —  found  by 
passing  a  straight  line  through  the  point  corresponding  to  tm  ontheexperi- 
mental  pressure-time  curve  and  adjusting  the.  slope  until  the  areas  under  each 
curve  between  t  =  0  and  t  =  tm  are  equal 


T  =  undamped  natural  period  of  vibration 
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T  d  =  T  A/’  ~  ~  damped  natural  period  of  vibration 


w  = 


static  service  load  —  defined  as  that  proportion  of  dead  plus  live  load  which 
shall  be  used  to  compute  the  deflection  of  flexural  members 


y  =  deflection 


y  =  y  +  y  =  accumulative  maximum  deflection 
'am  '  m  ' ap 

yQp  .=  =  cumulative  permanent  deflection 

yc  =  cracking  deflection 

y  =  maximum  deflection 
'm 

y^  =  permanent  deflection 

y  =  static  service  load  deflection 
's 

yy  =  ultimate  or  collapse  deflection 
Yy  =  yield  deflection 
y^d  =  dynamic  yield  deflection 

a  =  coefficient  definirg  length  of  plastic  yield  hinge  at  u Itimate-loadxapaciiy- 

|9  =  viscous  damping  factor 

=  viscous  damping  factor  in  elastic  range 

Sp  =  viscous  damping  factor  in  plastic  range 

6  =  ln(A Jk n  +  p  =  logarithmic  decrement 

e  =  strain 

e  =  strain  rate 

€  =  strain  in  concrete 
c 

€  =  effective  pre-strain  in  concrete 

C6 
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o 

€s 

A 


se 

c 

'su 

eiu 


y 

eyd  " 

*«  = 


w  = 


strain-hardening  strain 

strain  in  tension  steel 

strain  in  compression  s-ecl 

effective  pre-strain  in  tension  steel 

strain  in  tension  steel  at  ultimate  moment 

strain  in  compression  steel  at  ultimate  moment 

ultimate  compressive  strain  in  concrete 

static  yield  strain  in  tension  steel 

dynamic  yield  strain  in  tension  steel 

unit  rotation  of  beam  section  at  ultimate  rnoment- 

unit  rotation  of  beam  section  at  yield  moment 

fundamental  circular  frequency 
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Appendix.A 

STATIC  LOAD-DEFLECTION  AND  LOAD-STRAIN  CURVES 
(Figures  A1-A10) 


^Tension 


(Com;  ;•» 4i on Stroi n ,-,  €?(ih  yin;  x-1 6"-?K^rr>  >Ton  s t on; 

tFigure,-A4.  , Static:  l^d^i^aln:*cu«jj!«||,^q^;R2i 
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Figure  A6.  Static  load-strain  curves, 


curve,  betim  P2, 


3.0 


* 


75 


Compression  - - Sfroin,  e(in./in.x  10‘3) - «.  Tonsior. 

Figure  A8.  Static  load-strain  curves,  beam  P2 


I 
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Mid-Span  Deflection,  y  (inches) 

Figure  A9.  Static  load-deflection  curve,  seam  P8. 


Appendix  B 


DYNAMIC  RESPONSE,  REBOUND,  AND  DAMAGE  CURVES 
(Figures  B1-B5) 


'9 


Figure  B3.  Deflected  shape  versus  time  (short-duration  load). 


Figure  B4.  Damage  curve  for  R/C  beams. 
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Figure  B5.  Damage  curve  for  P/C  beams, 


► 
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Figure  Cl ;  Pcst-sHot  view  of  crack  pattern  for  beams^Ri,  Rl,  'P2,  and  R2. 


PtsI -shot .view  of  crack  pattern  for  beams  P8  and  R8-2, 


Appendix  D 

TYPICAL  OSCILLOGRAM  TRACES  FOR  DYNAMIC  TESTS 
(Figures  D1-D3) 


Defl  ectian  (3?-*  1) 
(0.966  in  ./in  .) 


Strain  (S3) 

(395.43  /xin./in./in.) 


Strain  (Cl) 
(1801.4  M*n./in./in.) 


Deflection  (BP2) 
(1.029  in./in.)’ 


Acceleration  (a) 
(12.25  g/in.) 


Strain  (SI) 

(3992.8  flirt  ./in  ./in .) 


A 


strain  (S2) 

(3992.8  Min./in. /in.) 


Dafloction  (BP  1) 


A 


M.2C9  kips/  ft/in.) 


Deflection  (BP  1) 
(0.966  in. /in.) 


Strain  (S3) 

(559.40  Min^/in./in.) 


Strain  (Cl) 
(2359.6  Min. /in. /in. 


pflq 

liaBfliSBlg 


Deflection  (BP2) 
(1.715  in./in.) 


Acceleration  (a) 
(18.56  g/in.) 


Strain  (SI) 

(8473.5  M>n ./in. /in.) 


Strain  (S2) 

(8391.0  Min ;/in./in.) 


Defl ec tion  (BP  1) 
(0.855  in. /in.) 


ISiiiSB 

BSJSBB 

■nil 


Figure  D2.  Oscillogram  for  beam  R7-2 
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